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ABSTRACT
This thesis presents and explores a set of novel approaches for the development of hybrid, integrated, lightweight, structures by combining additive manufacturing (AM) with fiber-reinforced polymers (FRP) in layup
processes.
The presented methods combine the strengths of both technologies: While
AM takes a forming, structural and functional role, FRPs primarily contribute with their outstanding mechanical properties at low weight to the
performance of the structure. From these characteristics three major design concepts are derived, including AM tooling for composite fabrication,
AM structural sandwich cores with additional functionalities and AM load
introduction elements.
The understanding of materials and manufacturing approaches is a precondition for the embodiment of the design concepts. Therefore, various
manufacturing routes are investigated including AM technologies such as
fused deposition modeling, binder jetting and selective laser sintering. The
thermo-mechanical stability of polymeric AM parts is crucial for autoclave
curing of hybrid high-performance structures. To successfully design complex AM elements for the curing process of FRP, the thermo-mechanical
creep properties of polymeric AM materials are characterized in threepoint bending creep and tensile tests. Alternative concepts include sand
and salt structures to produce sacrificial tooling.
The embodiment of the three design concepts comprises two directions:
designing for the performance of the part during service operation and
designing to support the manufacturing of the structure. In this thesis both
directions are addressed:
Design for Performance: The specific mechanical performance of AM-CFRP
structures is assessed in comparison to state-of-the Art structures by comparing the weight, the first failure load, the breaking load and the bending stiffness. Hat-stiffeners with structural cores made by AM were overlaminated with CFRP prepregs, cured in an autoclave and tested in threepoint bending. AM core designs include honeycombs, trusses oriented
along principal stresses, hollow structures filled with salt and a machined
PMI foam core with a local load introduction element made by AM. AMCFRP hat-stiffeners exhibit an increase in the specific fracture load ranging from 54% to 107% compared to the reference. Weights vary from an
iii

increase by up to 55% to a reduction of 5%, and the specific bending stiffness is increased by up to 41%. Results thereby confirm the mechanical
competitiveness of AM-CFRP structures.
Design for Processing: Additive manufacturing can support the production of composite parts along the process chain ranging from tooling, layup,
handling, curing and post-processing. Four major design principles are
presented and classified into integrated positioning and fixation elements,
layup and handling aids, structural curing aids and post processing aids.
Case studies show that the consideration of the processing during the design phase can reduce the deformation of the part during curing, the number of parts and the number of work steps and even eliminate drilling
operations for the post-processing of inserts.
The AM-CFRP approach is validated by incorporating the material data,
the design principles and concepts into three components on system level.
First, a novel aircraft instrument panel consisting of a multi-functional
sandwich core shows that AM-CFRP can reduce the structural weight
by 40%, the part count by 50% and the assembly steps by 50%. The second case study validates the mechanical performance of the AM-CFRP
approach on component level by assessing the ultimate and the fatigue
strength of a novel AM-CFRP prosthetic knee. The third case study consists
of a robot leg structure and yields in weight reductions by 54% compared
to state-of-the art references.
The combination of AM with CFRP thus is a suitable approach for the
manufacturing of individualized, lightweight, and geometrically-complex
structures with integrated functionalities for low-volume applications, e.g.
in the field of aerospace, flying vehicles, robotics and biomedical structures.
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Z U S A M M E N FA S S U N G
Diese Dissertation untersucht Ansätze und Methoden zur Kombination
der Additiven Fertigung (AF) mit Faserverstärkten Kunststoffen (FVK) für
die Entwicklung integraler Leichtbaustrukturen.
Die untersuchten Ansätze kombinieren dabei die Stärken der einzelnen Technologien. Während die Additive Fertigung in der Kombination
eine formgebende, strukturelle und funktionale Rolle einnimmt, tragen
FVK im Wesentlichen durch deren herausragende spezifische mechanische Eigenschaften zur Performance der Struktur bei. Ausgehend von diesen technologischen Eigenschaften werden folgende drei grundlegende
Konstruktionskonzepte abgeleitet: Additiv gefertigte Formen für die Fertigung von FVK-Bauteilen, strukturelle Kerne mit integrierten Funktionen
für Sandwich-Anwendungen, und Lasteinleitungselemente in Laminate
und Sandwichstrukturen.
Das Verständnis von Materialien und Fertigungsprozessen ist eine grundlegende Voraussetzung für die erfolgreiche Umsetzung der Konstruktionskonzepte in strukturellen Anwendungen. In dieser Arbeit wird insbesondere ein angepasster Autoklav-Prepreg-Prozess betrachtet. In diesem
Verfahren werden komplexe additiv gefertigte Elemente aus Kunststoffen
oder Metallen während des Laminierens gezielt zwischen den Halbzeugen
eingelegt und anschliessend im Autoklaven unter Druck und Temperatur
ausgehärtet. Zur Herstellung der additiv gefertigten Elemente wurden unter anderem Fused Deposition Modeling (FDM), Binder Jetting (BJ) und Selective Laser Sintering (SLS) betrachtet. Insbesondere bei AF-Kunststoffteilen
kommt der thermo-mechanischen Stabilität im Autoklavprozess eine besondere Bedeutung zu. In dieser Arbeit werden daher in Zug- und DreiPunkt-Biege-Versuchen die thermo-mechanischen Kriecheigenschaften von
drei relevanten Kunststoffen für die AF charakterisiert. Ergänzend werden
in dieser Arbeit alternative Fertigungsrouten betrachtet, die Sand und Salze für die Herstellung temporärer struktureller Formen berücksichtigen.
Die Gestaltungsfreiheit der Additive Fertigung ermöglicht die Ausführung von Hybridkonstruktionen unter Berücksichtigung der folgenden beiden Strategien: Zum einen kann die Performance des Bauteils, durch Anpassen der mechanischen Eigenschaften an lokale Lastfälle, optimal für
den Betrieb ausgelegt werden. Zum anderen kann die Gestaltungsfreiheit
v

der AF für eine effizientere Herstellung von FVK-Bauteilen genutzt werden. Beide Aspekte werden in dieser Arbeit betrachtet:
Design for Performance: Die spezifische mechanische Performance hybrider AF-CFK Strukturen wurde anhand von Omega-Versteifungsbalken in
Drei-Punkt-Biegeversuchen ermittelt und mit dem Stand der Technik verglichen. Für die Beurteilung der Leistungsfähigkeit struktureller Leichtbauanwendungen werden mechanische Kenngrössen wie das Gewicht, die
Last bei Initialversagen sowie die Bruchlast und die Biegesteifigkeit herangezogen. Die untersuchten AF-CFK Profile bestehen aus unterschiedlichen additiv gefertigten Kernkonzepten, wie z.B. Honigwaben, hauptspannungsgerechte Stäbe, mit Salz gefüllte Hohlkerne sowie einem hybriden
Kern bestehend aus einem gefrästen PMI Schaum und einem optimierten,
additiv gefertigten Insert. AF-CFK Profile weisen eine erhöhte Bruchlast
von 54% bis zu 107% auf. Die Profile weisen je nach Konzept eine Gewichtszunahme von bis zu 55%, bzw. eine –abnahme um bis zu 5% auf.
Die spezifische Biegesteifigkeit ist relevant für die Versteifung von CFKPaneelen und wurde um bis zu 41% gesteigert. Die Resultate bestätigen
die grundlegende mechanische und gewichtsspezifische Performance von
AF-CFK Strukturen.
Design for Processing: Die Additive Fertigung kann aufgrund der nahezu
uneingeschränkten Gestaltungsfreiheit und der daraus folgenden Möglichkeit der Funktionsintegration die Effizienz in der Herstellung von FVKBauteilen entlang der gesamten Fertigungskette steigern. Die folgenden
vier Konstruktionsprinzipien werden vorgestellt und den Fertigungsschritten zugeordnet: Integrierte Positionierungs- und Fixierungselemente, Drapierhilfen, strukturelle Aushärtehilfen und Nachbearbeitungshilfen. Anhand von Beispielen wird aufgezeigt, dass die Berücksichtigung der Fertigung bereits während der Konstruktion die Anzahl an Arbeitsschritten
und Teilen massgebend reduzieren kann, sowie einige Nachbearbeitungsschritte sogar vollständig entfallen können.
Die Kombination des AF-CFK-Ansatzes wurde aus der Perspektive des
Produktentwicklungsprozesses und mit dem Ziel die Technologie in eine Kleinserienanwendung zu führen, validiert. Ausgehend von der Materialcharakterisierung und des aufgebauten Konstruktionswissens, wurden die Wertschöpfungstreiber der Technologie anhand von drei Anwendungen auf Komponentenebene aufgezeigt. Das erste Beispiel besteht aus
einem neuartigen Instrumentenbrett für die Luftfahrt. Die Struktur besteht dabei aus einer integralen Sandwichbauweise, mit additiv gefertigten Kernen. In die Kerne sind Zusatzfunktionen integriert die die Montage
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von Fixierungselementen vereinfachen und das lokale Aufdicken mit CFKVerstärkungen gestatten. Das Beispiel zeigt, dass durch die Kombination
der Technologien das Strukturgewicht um 40%, die Teileanzahl um 50%
und die Anzahl an Montageschritten um 50% reduziert werden konnten.
Das zweite Beispiel validiert anhand der Entwicklung einer Unterschenkelprothese, dass die mechanische Belastbarkeit sowie die Dauerfestigkeit
einer Hybridstruktur, bestehend aus additiv gefertigten Titanlasteinleitungen und einer CFK Schalenstruktur, der konventionellen Bauweise mindestens ebenbürtig ist. Das dritte Beispiel zeigt anhand einer Roboterbeinstruktur die ausserordentlichen Leichtbaupotentiale der Technologiekombination auf. Im Vergleich zur etablierten Aluminiumbauweise erreicht die
Titan-CFK Hybridstruktur eine Gewichtsersparnis von 54%.
Die Kombination der Additiven Fertigung mit FVK ist daher ein geeigneter Ansatz für die Entwicklung individualisierter, geometrisch komplexer,
und integraler Leichtbaustrukturen für Kleinserien-Anwendungen in der
Luft- und Raumfahrt, Robotik, sowie in der Prothetik und Orthetik.
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selective laser melting
xv

xvi

notation

SLS

selective laser sintering

UD

unidirectional

VARTM

vacuum assisted resin transfer molding

definition of symbols
A

surface area, mm2

Ec

creep modulus, Nmm2

Et

tensile Young’s Modulus, Nmm2

F

force, N

K

stiffness,

p

pressue, bar

S

standard deviation

T

temperature, C

u

displacement, mm

vf

fiber volume content, %

wt%

weight percentage, %

r

density,

rf

density of fibers,

rm

density of

# 11

strain in fiber direction

# 12

shear strain

# 22

transverse strain

s

stress, MPa

sc

compressive stress, MPa

st

tensile stress, MPa

su

ultimate stress, MPa

sy

yield stress, MPa

s11

stress in fiber direction, MPa

s12

shear stress, MPa

s22

transverse stress, MPa

N
mm

kg
m3

kg
m3
kg
matrix, m3

INTRODUCTION
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The main task of any technical structure is to guarantee functionality
and integrity of the system it is part of. Efficient structures are compact and
lightweight to minimize energy consumption over the lifetime of the system. The attainment of minimum weight involves material selection, multifunctionality, and, utilization of shape and topology [1]. Carbon FiberReinforced Polymers (CFRP) are stiff, strong, and yet lightweight materials
and therefore are of great interest for the development of high-performance
structures. CFRP consist of aligned continuous carbon fiber reinforcements
that are embedded in a polymer resin system [2]. They exhibit outstanding
specific mechanical properties: employing a quasi-isotropic layup instead
of an aluminum, yield in weight savings amounting up to 32% in tension
and up to 40% in bending at constant stiffness (Fig.1.1). The unique of advantage of FRP’s compared to metallic alloys is their physical composition,
forming an anisotropic composite material. The freedom in design, allows
to orient and arrange the fibers in the direction of the load, which leads to
even greater possible weight savings: To sustain an uni-axial in-plane load,
an uni-directional (UD) layup is preferred. An UD CFRP weighs up to 77%
less compared to an aluminum structure, when loaded in tension, and up
to 58% in bending.
In recent years, the concept of multifunctional composite structures has
gained importance. They consist of a material or a structure, with an ability
to perform multiple functions through a judicious combination of structure functions. In addition to load-bearing functions, sensing and actuation, energy storage and harvesting [3], and active [4] or passive [5] shapechanging (morphing) may be included, either by incorporating additional
layers or by designing a complex material and complex shapes. The stateof-the Art manufacturing of composite parts requires molds and tools,
which typically are made of machined metal alloys. High-performance
parts, require high-performance molds, and their manufacturing comes
at long lead times and significant costs. Furthermore, the design opportunities with composites are limited by the manufacturing process, as good
ideas often cannot be produced [6].
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60%

42%

0%
CFRP, QI
Physical densities (kg/m3)
CFRP, QI 1560
CFRP, UD 1560
AlCuMg2 2780

CFRP, UD
Young‘s Moduli (GPa)
CFRP, QI , FVC: 50% 60
CFRP, UD, FVC: 60% 180
AlCuMg2
73

Definitions:
EA: Stiffness in tension/compression, EI: Stiffness in bending,
FVC: Fiber volume content, QI: Quasi-isotropic,UD: Uni-directional
Figure 1.1: Weight saving potentials for stiffness design in tension (EA) and
bending (EI) for quasi-isotropic (QI) and unidirectional (UD) layup
in comparison to Aluminum (100%).
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Additive manufacturing (AM) encompasses a set of production technologies allowing complex geometries from digital models to be created.
Among others, powder bed fusion and material extrusion are two AM technologies with increasing relevance for industrial applications. Commercially available materials include aerospace grade titanium alloys (TiAl6V4),
stainless steel, aluminum alloys (AlSi10Mg) and a wide range of thermoplastic polymers (PA12, ABS, PC, PEEK). Material properties strongly depend on the applied process; in general metal AM materials are comparable to the ones of bulk material under static loading, and under dynamic
loading if post-processed. One major advantage of AM is the possibility
of a direct and tool-less production of complex parts from digital models.
The manufacturing effort does not significantly increase with part complexity and volume, which makes the technology suitable for highly individualized low volume products. The freedom in design allows radically
new designs to be created, that previously were impossible to manufacture
with conventional manufacturing technologies. The promise of AM is the
creation of highly efficient structures by:
• reducing the part count through integral designs
• realizing more efficient and more complex lightweight designs
• saving material through optimized load paths
• integrating additional functionalities through multi-functional designs
The overarching hypothesis of this thesis is that the combination of AM
with CFRP enables new possibilities in the design and the fabrication of
efficient lightweight structures (Fig.1.2).
As stated above, CFRP’s primarily contribute to efficient lightweight
structures by materials and their load-path oriented reinforcements. The
“additive” nature of the layup fabrication process fosters integral designs
(reduction of part count) and the integration of additional functionalities.
Current AM technologies on the other hand, do not yet process materials that are as competitive in terms of stiffness, strength and weight. And,
most engineers see the anisotropy of the parts rather as an inconvenience
than as an advantage. Nevertheless, AM promises to compensate some limitations of CFRP: while shaping complex CFRP parts requires demanding
and costly tooling as well as differential designs, AM uncouples the part
cost from part complexity. In combination, AM and CFRP fulfill the principles of lightweight construction by materials, shape, design, and functional
integration. Therefore, the combination of AM and CFRP is promising for
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complexity

Integration of
functions

Additive manufacturing (AM)
Fiber reinforced polymers (FRP)
Combination of AM with FRP

Figure 1.2: A combination of strengths: Additive manufacturing and carbon
fiber-reinforced polymers.

the development of high-performance, lightweight structures with complex geometries. This thesis explores the combination of additive manufacturing with carbon fiber-reinforced polymers from the perspective of
the product development and design process. The goal of this thesis is to
establish design and processing knowledge for the successful implementation of this combination of technologies. This includes the elaboration of
novel design concepts and processing routs as well as the revealing of fundamental challenges. An important aspect is placed on the identification
of added value drivers, which are investigated by a series of case studies. Ultimately, this research should contribute to the successful design of
lightweight structures with integrated functionalities. From the goal and
the scope of the thesis, the following research questions (RQ) are formulated:
• RQ 1: Which novel design concepts arise from the combination of
strengths?
• RQ 2: What are fundamental processing challenges?
• RQ 3: How can AM support the fabrication of composite structures?
• RQ 4: How to design lightweight structures with superior mechanical
performance?
• RQ 5: What is the added value of AM-CFRP in structural applications
on system level?
The research questions are derived in detail in Chapter 3.

1.1 outline of the thesis

1.1

outline of the thesis

This thesis proceeds as follows: Chapter 2 presents the state-of-the Art
and current applications combing AM with FRP focusing on tooling, structural elements and load introduction elements made with AM. In Chapter 3 the research questions are derived based on the state-of-the Art and
related to the overall goal of the thesis. Chapter 4 presents novel contributions on conceptual level for the design and the processing of tooling,
structural elements for sandwich structures and load introductions made
with AM (RQ 1). Chapter 5 addresses the fundamental challenge of processing AM polymers in FRP processes where heat and pressure is applied
over time to cure the resin. Therefore an approach for the characterization of AM polymers for the processing with FRP is presented (RQ 2).
Chapter 6 presents major design principles that support the fabrication of
composite parts (RQ 3). In Chapter 7 the mechanical performance of hatstiffeners consisting of structural AM cores and CFRP prepreg facings is
investigated. Different design approaches including honeycombs, trusses
oriented along principal stresses, hybrid and hollow cores are investigated.
The specific mechanical performance in terms of bending stiffness, breaking load and weight is assessed (RQ 4). Chapter 8 applies the processing
and design knowledge to selected applications and validates the combination of technologies on a system level. Moreover, the added value on
system level is discussed (RQ 5). Chapter 9 concludes and highlights future research needs.
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2

The combination of AM with FRP is an emerging field of research and
may broadly be divided into four categories: Most studies investigate the
capability of AM for composite tooling. The second category includes
structural sandwich cores with tunable mechanical properties. The third
category investigates load introduction elements. The fourth category comprises the processing of composite materials via additive manufacturing
techniques and is not within the scope of this thesis. In this chapter, the
technologies and processes relevant to this research are introduced and the
state-of-the Art of the three categories is presented.
2.1
2.1.1

technologies
Additive manufacturing

Additive manufacturing encompasses a set of production technologies
allowing complex geometries to be created from 3D model data, usually
layer upon layer. The process generally works by solidifying of depositing
material only where required [7]. The generic AM process involves a number steps starting with a virtual representation of the part, typically using
CAD software. The digital representation can either be created through design or using reverse engineering methods (e.g. laser scanning). The digital
model is converted into the STL file format, which describes the external
closed surfaces of the original CAD model. The STL file is then transferred
to the software of the AM machine, where the scale, position and orientation for building can be manipulated. To some extent, the software allows the resolution and the density to be selected. The next step involves
building of the part, which is an automated process and can be carried
out without supervision. Once the build is completed, the part is removed
from the building platform. Dependent on the AM process, the parts may
require post-processing operations. They may include additional cleanup,
support removal, sand blasting, heat treatments or surface finishing operations such as polishing. To integrate features with tight tolerances (e.g.
threads, bearing seats) machining is required. Post-processing typically is
7
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a manual process that requires a considerable amount of time, which is
why it should be considered during the design phase. Once the part is
produced and post-processed, it may be ready to be used in the desired
application [8]. The following four processes are considered in this thesis.
2.1.1.1

Selective laser melting (SLM)

Selective laser melting (SLM) is a powder-bed fusion process where a
laser beam is directed onto the powder bed and selectively fuses regions
of a powder bed [7]. The powder particles in the scanned area are consolidated resulting in a nearly fully dense layer of the part being built.
The powder bed is lowered by the thickness of a layer and a coater applies another layer of powder material to the bed. The process is repeated
until the final physical part is produced. The high melting temperature
of metals requires high inputs of laser energy density and leads to large
temperature gradients in the exposure area. Non-uniform thermal expansions and contractions result in residual stresses, which can cause distortion, increased susceptibility to crack formation, reduced fatigue performance or can even cause failures during manufacturing [9]. To counter
such challenges, SLM parts often require additional support structures that
restrict warping during production. A heat treatment or hot isostatic pressure (HIP) may be applied to relieve any residual stresses. Novel scanning
strategies can overcome the processing challenges, while numerical models of the thermal behavior in the process are being developed to reduce
residual stresses [10, 11]. From the designer’s perspective, the consideration of the building orientation of the part during the design phase can
lead to better components that require no or fewer supports and minimize
warping [12].
2.1.1.2

Selective laser sintering (SLS)

Selective laser sintering (SLS) is a powder-bed process where a laser
selectively melts thermoplastic powder material in the scanned area [13].
Common materials used in SLS are polyamide 11, polyamide 12, or compounds of PA12 [14], which exhibit comparatively good mechanical properties at room temperature and are moderately priced. In contrast to SLM,
the melting of PA12 does not require such high energy density inputs.
Therefore, SLS offers the possibility to produce complex geometries without any supports.

2.1 technologies

2.1.1.3

Binder jetting (BJ)

Binder jetting is an AM process in which a liquid binding agent is selectively deposited to join powder particles. Layers of material are then
bonded to form an object. The build platform is lowered and the next layer
of powder will be laid out on top. The process is repeated until the final
part is built. Binder Jetting does not require support structures as the part
lies in the job box of not bonded powder [15]. Binder jetting is a rather
fast and cost-effective technology, working with a wide range of materials
including metals, sands and ceramics [16].
2.1.2

Advanced composites

Composites are multi-phase materials. They result from the combination of two or more constituent materials with different properties to form
a fully new material [17]. Carbon Fiber Reinforced Polymers (CFRP) consist of aligned continuous carbon fibers reinforcements that are embedded in a polymeric resin (e.g. epoxy). For many high performance applications PREimPREGnated (prepreg) fibers are used. Prepregs are resinimpregnated, semi-finished products in fiber, fabric or mat form, in which
the resin is kept in a partially polymerized state through cooling. Semifinished products with fibers laid in the direction at an 0° orientation are
called unidirectional (UD). UD materials provide the ability to tailor the
composite properties in a desired direction. Woven fabric prepregs typically are used to make contoured parts. Most of the Prepregs common
in industry are based on epoxy resins [18]. The autoclave process is the
state-of-the-art manufacturing technique for high performance industrial
applications. In this process prepregs are cut and laid down in the desired
fiber orientation on a tool. The layup is vacuum bagged and put in an
autoclave where defined temperatures typically ranging up to 180°C and
pressures up to 10 bar are applied for curing and consolidation of the part.
The prepreg layup process is labor intensive but shows great flexibility in
design and therefore is suited for low volume production [6]. In the cocuring sandwich manufacturing process often no additional adhesive film
but only the resin of the prepreg is used to generate facing-core bonding,
thus reducing the number of joints and process steps.
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2.1.3

Metal-composite hybrid structures

Metal-composite hybrid structures combine different classes of materials to exploit the advantageous properties of each constituent [19]. Such
components typically feature low weight and high strength. The general
manufacturing route for metal-FRP hybrid structures is shown in Fig. 2.1.
First, the composite part is produced in a layup process (e.g. autoclave
prepreg process). The metallic part (e.g. inserts) are typically machined
and may be finished if necessary. To form a hybrid structure, the metallic
elements and the composite part are joined using established techniques
such as bolting, bonding or riveting. In this case an additional process step
is necessary to create a hybrid structure. The hybridization occurs after
the fabrication of the individual components and often yields in weight
penalties.
General FRP process
Reinforcement
material

Layup &
(Pre-) Forming

Hybridization
(Impregnation)
Curing

PostProcessing

Joining/
Bonding

Insert fabrication process
Machining

(Finishing)

Figure 2.1: Process steps for the production of traditional metal-composite hybrid structures.

A recent approach for the production of metal-composite hybrid structures is the integration of metallic elements (e.g. inserts) into the layup
prior to curing (Fig. 2.2). The metallic element is thereby inserted between
the prepreg reinforcements or the dry preforms, dependent on the FRP
fabrication process. The hybridization occurs during the composite part
fabrication process, thereby providing a mechanical interlock between the
metal and the composite. The interested reader is referred to Koch et al.
who proposed a series of approaches for the fabrication of intrinsic hybrid
metal-composite structures, including automated fiber placement and autoclave curing, deep drawing, resin transfer molding, rotational molding,
and integral tube blowing [20].

2.2 tooling for composite part productions

General FRP process
Reinforcement
material

Hybridization
Layup &
(Pre-) Forming

(Impregnation)
Curing

PostProcessing

Insert fabrication process
Machining

(Finishing)

Figure 2.2: Process steps for the production of intrinsic metal-composite hybrid
structures.

2.2

tooling for composite part productions

A growing application of additive manufacturing is the production of
fast, on-demand tools and molds for the prototyping and the fabrication
of composite parts. Applications include layup and washout tools for composite part production, as well as intermediate molds, master models and
tools and spare part production [21] (Fig. 2.3).
Tooling
for composite part production

FRP part

Molds
for tool production

FRP tool
FRP part

Layup tool

Washout tool

Master model

Figure 2.3: AM tooling applications for composites.

2.2.1

Layup tooling

Layup tools provide the layup surface for the composite part, that has
the correct shape with the corresponding surface quality. They have to
withstand manufacturing loads such as autoclave cure cycle, tape laying,
handling, part removal to name a few [22]. Basically, there are two ap-
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proaches for the production of layup tools. The tooling for the production
of large size composite parts typically consists of an assembly of multiple
elements (Fig. 2.4a). The support structure provides the stability and is
assembled from individual ribs. The layup surface either is machined or
formed from a sheet plate and may be welded on the support. For smaller
size components, the tooling may be machined from bulk material (Fig.
2.4b). Dependent on the application, the part size, the cost and the cure
conditions, traditional tooling materials may broadly be divided into metals including Invar36, steel, nickel, aluminum and non-metals including
carbon fiber / bismaleimide (CF/BMI), CF/epoxy, glass fiber (GF) /epoxy
prepregs, MDF-boards and tooling foams. Composite (FRP) tools are preferred if multiple tools are necessary, if weight is an issue or if 120 °C cure
temperatures are used [23].

2.2 tooling for composite part productions
Traditional techniques for layup tooling
Layup surface
Support structure

a)

Individual parts

Assembled tool

FRP part

Machined tool

FRF part

b)

Bulk material

Layup tooling with additive manufacturing

c)

Surface finishing
(machining,
sanding)
AM tool

FRF part

Figure 2.4: Comparison of layup tooling with traditional techniques and additive manufacturing.

With AM, the layup tool can directly be produced from a digital file,
potentially reducing the lead and the manufacturing time of the tool. For
most applications, surface finishing operations have to be performed to
provide a smooth layup surface. This may be done by machining or by
manually grinding the surface with sand paper. Fig. 2.5 shows how AM
layup tools potentially can shorten the lead time of composite part production. In the example, Akron Ltd. produced a layup tool on the Big Area
Additive Manufacturing BAAM) system by extruding an ABS-CF filament
(a). The layup tool was then machined to obtain the desired surface quality
and tolerance (b). Finally the tool was used for the layup of CFRP (c). It
is claimed that the CFRP part was produced from the CAD file within 72
hours [24].
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a) Extruded layup tool

b) Surface finishing c) CFRP part

Figure 2.5: Layup tooling produced on the Big Area Additive Manufacturing
(BAAM) system by extrusion of ABS/CF filament (a), surface finishing by machining (b) and final CFRP part (c) [24].

The company Stratasys has become an important player in the field by
developing a range of materials and design guidelines for in-autoclave
tooling of composite parts by FDM [25]. The company argues that FDM
tooling may reduce lead times, levels of touch labor and costs. Li et al.
characterized FDM layup tools made of ULTEM 9085 (Poly-Ether-Imide,
PEI) subjected to applied pressure and elevated temperatures amounting
up to 121 °C for vacuum assisted resin transfer molding (VARTM) [26].
Lušić performed a case study assessing Poly-Ether-Imide ULTEM 1010
(Poly-Ether-Imide, PEI) material under autoclave processing conditions up
to a pressure of 3 bar showing the potential for material savings up to
84% compared to a solid tool [27]. Oak Ridge National Laboratory is working on Big Area Additive Manufacturing (BAAM) for in-autoclave tooling with high-temperature thermoplastic materials. Such a material is the
polyphenylene sulfide (PPS) with carbon fiber (CF) loadings of up to 60%
by weight, resulting in tensile strengths of up to 66 MPa [28]. However,
up to date, these materials have not yet been tested in an autoclave process. Lakshman proposes a chemically dissolvable tooling by supplying the
FDM printer with High-impact Polystyrene (HIPS) and Polyvinyl Alcohol
(PVA). Samples were manufactured in a vacuum bagging process, but processing temperatures were not mentioned [29]. The number of existing inservice composite components based on AM layup tooling is still limited
and often includes secondary structures such as fairings or parts for unmanned aerial vehicles. Fig. 2.6. shows the example of a sub-scale aileron
demonstrator concept. The aileron has an integral structure and is manufactured in one-shot. Seven mandrel sections were produced from ULTEM 1010 thermoplastic material by FDM. The mandrels were produced
vertically on a Fortus 900mc and build times amounted up to 234 hours.
The CFRP was then laid down on the mandrels and cured. After curing
the mandrels were removed and the CFRP fairing demonstrator was post-
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processed. This example shows that AM can be used to produce parts with
increased functionality at a lead time below 2 weeks [30].
a) Aileron concept

b) Layup on FDM tool b) Demonstrator

Figure 2.6: CFRP aileron demonstrator made with FDM tooling [30].

A successfully implemented composite part based on AM layup tooling
is a fiberglass/epoxy fairing for a Centaur aircraft. Aurora Flight Sciences
develops special-purpose aircrafts and developed together with Stratasys
a composite belly pod fairing. The size of the fairing required the FDM
tool to be segmented. The tool was assembled (a) and the fiberglass/epoxy
reinforcement was laid on the tool. The layup was cured at a low temperature with out-of-autoclave materials, which is why the tool was made from
PC. To demold the part, the tool was removed by dropping down the individual tool segments. The composite fairing was mounted to the Centaur
aircraft and was successfully employed in practice [30].
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a) Assembled
AM tool

b) Tool with cured
fiberglass-epoxy fairing

c) Composite fairing installed on Centaur
aircraft

Figure 2.7: Multi-piece tool for fairing applications [30].

Leddy et al. investigated a multi-stage manufacturing process using 3D
printed molds to create a custom prosthetic finger with integrated functionalities [31]. The prosthetic finger is composed of a CFRP structural
shell, a lightweight foam filler material that bonds internal components,
and a soft urethane grip surface. A flexure element is included to promote
out-of-plane bending. The authors reported an increase in the stiffness by
a factor of approximately eight compared to a printed ABS finger. The
method allowed individualized fingers to be produced quickly from AM
molds, while CFRP provided a durable lightweight reinforcement.

2.2 tooling for composite part productions

Grip pad

Pin joint
CFRP shell

Flexural
element

Figure 2.8: Fabrication steps of a composite finger using AM molds: individual
molds (left), closed molds (top), and final finger (bottom) [31].

2.2.2

Washout tooling for hollow composite parts

Washout tools, or sacrificial tools, provide the layup surface for enclosed
or hollow composite structures and are removed after curing. There are
three state-of-the Art techniques for the production of hollow composite
parts (Fig. 2.9). The first technique involves the manual creation of a pattern (Fig. 2.9a). The pattern is used to make a multi-piece FRP tool (e.g.
clamshell tool). Therefore, a composite tooling material is laid down on
one side of the pattern and cured. The cured half of the tool is removed
and the process (layup and cure) is repeated to form the second half of the
tool. Once both tooling parts are cured, the layup for the composite part
production is conducted. The FRP reinforcement layup is cured in the tool.
After curing, the tool is opened and the final composite part is removed.
This process involves high manual effort in the creation of the pattern and
the tool [32]. The other techniques are based on washout tooling materials.
In both techniques (b and c) a semi-finished tooling material (e.g. ceramics) is processed to obtain the desired shape. The base material can consist
of pressed or formed bulk material plates and is machined to the desired
shape (b). The tool may be sealed if necessary. The reinforcement material
is laid down on the washout tool. For enclosed or cylindrical parts (e.g.
pressure vessels) filament winding may be used to lay down the fiber material. Hand layup techniques may be used for more complex geometries.
After curing, the tool is dissolved in water or chemically. The variation (c)
requires additional preparation steps, as the base material has to be mixed
with water. The mixture is then poured into a mold where it cures and
dries. The washout tool is removed from the mold and may processed as
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described previously [33]. Techniques (a) and (c) involve the creation of
a non-sacrificial tool which is appropriate for higher intended production
volumes. Only recently, AM offers materials to produce washout tools that
are suitable for composite part production. The most common technique
for AM washout tooling is shown in Fig. 2.9d. The tool is directly produced with the AM technology of choice. The tool is post-processed, which
includes surface modifications or sealing operations. In the next step, the
layup is applied. After curing, the tool is washed out chemically or with
water and the composite part is obtained. Post-processing operations may
be applied on the composite part. Refer to Sections 8.2 and 8.3 for the case
studies conducted based on this technique.
Fabrication of hollow composite structures using patterns and traditional washout tooling
a)

Manually create Create multi-piece
pattern
clamsheel tool

Layup FRP in
tool and cure

Open tool
remove part

b)

Bulk
material

c)

Powder

Machined
washout tool

Layup/wind FRP
and cure

Remove
tool

Layup/wind
FRP and cure

Remove
tool

Water

Prepare materials

Pour mixture into
mold, cure & dry

Washout tool

Washout tooling techniques with additive manufacturing
d)

AM
washout tool

Layup/wind
FRP and cure

Remove
tool

Figure 2.9: Comparison of traditional and 3D printing techniques for washout
tooling.

Currently, FDM and Binder Jetting are the only two suitable AM technologies for the processing of washout-tooling for composite part fabrication according to the technique depicted above.
Fig. 2.10 shows an example of sacrificial tooling using a proprietary thermoplastic blend (ST-130). The tool was produced on a Fortus 450/900mc
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FDM machine. The tool has a standard fill pattern designed to promote the
fluid flow during the tool removal process. The fill pattern also is supposed
to provide adequate strength and stability during high-pressure curing cycles. The composite material is laid down on the tool. The assembly is
claimed to be cured at a pressure of 1.01 bar at a curing temperature of 121
°C or a pressure of 6.2 bar at a temperature of 98 °C without significant
defects. The tooling is then chemically washed-out in an alkaline solution.
Basic design guidelines are available [34]. It should be noted that the information is recent and that material development is a highly dynamic field
of research.

Figure 2.10: Sacrificial tooling by FDM for the fabrication of hollow composite
parts [34].

A few applications are reported: Nevada Composites uses FDM to produce complex tools within which the washout material is molded (Fig. 2.11,
left). This corresponds to technique c) in Fig. 2.9 in which the conventional
technique to make the mold is exchanged for AM. Another application are
mandrels for the production of CFRP pressure vessels using binder jetting
of sand (Fig. 2.11, middle). In this process a water-soluble and temperatureresistant binder is deposited onto a sand bed, forming the slice of the
3D-part. The tool is sealed typically using a multilayer spray-on coating.
It is then over-laminated with the reinforcement material and the assembly is cured. Fig. 2.11, right shows a section view of a hat-stiffener with
a washout core. The section view shows a consolidated laminate and the
integrity of the tool and the coating [35]. It should be noted that the sealer
has to withstand the curing temperature. Some sealers are based on water,
which can lead to partial resolving of the (water-based) binder. Furthermore, Binder jetting sand has limited possibilities for the integration of
design features (e.g. positioning elements). In Section 8.3 a case study is
presented investigating washout cores made with BJ.
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Figure 2.11: FDM tooling for molding (left) [21], mandrel for the fabrication of
pressure vessels with binder jetting (middle) [21], Section view of a
hat-stiffener [35].

2.2.3

Master models

Master models represent the shape, geometry and configuration of an
object that must be created or duplicated [36]. Master models are used
for example if the direct production of the mold is difficult due to the
geometrical complexity or the size of the part. They are also used if a
complex composite tool with appropriate coefficient of thermal expansion
(CTE) and temperature resistance is desired. Composite tools may have
a coefficient of thermal expansion (CTE) close to the part CTE, thereby
maintaining the dimensional accuracy of the part during cure. They typically are also lower cost (compared to metal machining), and lightweight,
which reduces handling costs. Composite tools based on master models
have a limited life in comparison to metal tools. The fabrication of composite tooling requires a master model, which can be created either following
a manual fabrication technique or a computer-assisted design and manufacturing way (Fig. 2.12). In the manual technique (a) a master model
is shaped using plaster, or plaster-like materials. From the master model,
the FRP tool can be created directly if low temperature tooling resins are
used. This technique is used if there is no data on the master model or
if machining is not available. Machining can eliminate numerous model
making steps, as the master model can directly be machined from bulk
material (b). In this technique, a tooling blank is machined to the desired
shape if not constrained by size or complexity. The material typically is
made of temperature-resistant and stable materials that allow the FRP tool
to be created. Based on the FRP tool composite parts are produced. With
additive manufacturing, master models or master model segments can directly be produced from digital files and may be used for the fabrication of
FRP tooling (c). The manual shaping of the master model is omitted. The
precondition for the AM-technique is the availability of the digital data.
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Furthermore the curing conditions for the tool laminate resin should be
matched with the thermal properties of the material used in the AM process. AM has the potential to shorten lead times by reducing the number
of necessary processing steps. However, the AM-technique for the creation
of master models may be limited by the size of the component to be produced.
Traditional techniques for master models
a)

Bulk
material

Manual shaping
of master model

Bulk
material

Machining
master model

FRP tool

FRP part

b)

FRP tool

FRP part

Master models with additive manufacturing
c)

3D-printed
master model

FRP tool

FRP part

Figure 2.12: Comparison of traditional and AM techniques for the production
of master models.

2.2.4

Repair tooling

In the case of damaged composite structures, one might replace or repair
the component. Repair often is a cheaper and faster way for putting a
product back into operation. The problem with repairs is that often the
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production tool is not available [21]. In that case, a (FRP) lamination tool
has to be created. The state-of-the art technique is shown in Fig. 2.13. The
damaged region is removed from the part and a suitable surface treatment
is applied. The scarf cavity can either be repaired using a pre-cured or a
soft patch [37]. However, for bigger damages a tool is created. Therefore
the damaged surface is recreated with a filler material. The tool is then
directly created from the surface of the part. Once the production tool is
created, the component can be replicated. This process is work-intensive
and time-consuming. Moreover, in the case of aircraft repairs, the time
required is directly related to the downtime of the aircraft which has a
significant impact on the operational costs.
Traditional techniques for repairs and spares

Damaged
part

Recreate
surface

FRP tool

FRP part

Figure 2.13: Process with spares and repairs with traditional techniques.

2.2.5

Challenges in AM tooling

Thermo-mechanical creep properties of AM polymers for FRP curing
Despite the potentials of producing fast customized tools, there are some
challenges associated with additive manufacturing of tooling for composite part production. A critical aspect is the curing of mostly polymeric
materials at elevated temperatures over time as required by the laminate
resin system. Typical prepreg resin systems are designed for curing temperatures between 70 °C and 180 °C. In addition, pressures ranging from
vacuum to 10 bar may be applied to consolidate the laminate [6]. The AM
tooling must withstand such processing loads without significant deformations. However, most AM thermoplastics are either not characterized
for composite processing conditions or exhibit low glass transition temperatures. Moreover, creep behavior for AM polymers has not yet been
investigated. It is therefore not possible to adequately predict the material behavior of AM polymers under processing conditions (time, pressure,
temperature). This is the reason why many of the studies investigating AM
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tooling are conducted at low pressure and low temperature curing cycles
(see Table 2.1 on existing scientific research on AM tooling). This challenge
is fundamental to successfully process and design hybrid structures with
AM polymers in a FRP layup process. A material characterization method
is presented and applied for three commercial materials in Chapter 5.
Coefficient of thermal expansion (CTE)
The difference in the coefficient of thermal expansion (CTE) between
polymeric AM materials and the composite part material should be accounted for in the design of the tooling. The CTE describes the dimensional change of a material with a change in temperature [38]. In composites manufacturing, the tool and the “wet” resin expand together until the
resin starts to gel. From the gel point on, the tool and the part expand at
the own rate in dependence on the CTE’s of the specific materials. In the
cool down phase, the cured part and the tool shrink at respective CTE’s.
A high mismatch in the CTE introduces thermal stresses into the part and
may lead to difficulties in extracting the tooling after cure. Parts that require tight tolerances and high dimensional accuracy are made of tooling
materials with CTE’s close to the part. Such materials typically are Invar or
FRP. A common practice is to compensate the CTE mismatch by corrections
in the tool design. Novel processing models include the tool-part interaction based on interface friction models [39] to predict autoclave processinduced warping. Fig. 2.14 compares the CTE’s of CFRP with traditional
tooling materials and AM thermoplastics. Thermoplastics have CTE’s that
are 4 to 26 times higher compared to traditional tooling materials. The
linear CTE of a thermoplastic increases with temperature as the example
of the HST material shows. Furthermore, the CTE is also anisotropic for
thermoplastics processed with AM.
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Traditional tooling materials
Silica sand
0.55
Steel
12

Invar
1.2

Nickel
13
Aluminum
26
ULTEM 1010
47

0
CFRP
1.6 - 10

Thermoplastics for 3D printing

GFRP
11-35

HST @ 50°C
130

PC ABS PA12
79 88 100

ULTEM 9085
65

HST @ 85 - 145°C
267

Coefficient of thermal expansion (µm/m°C)

Figure 2.14: Coefficient of thermal expansions of traditional and 3D printing
tooling materials [36, 30, 40, 41, 42].

Tool life
The tool life of 3D printed plastic molds is considerably lower compared
to traditional metal and FRP tooling. Tools made from machined steel,
aluminum and fiberglass withstand on average 700, 300 and 30 autoclave
cycles at 149°C before repair is need [36]. Quantified information on tool
life of polymeric AM tooling is not yet available; however some studies
mention that 3D printing has the capability of performing well beyond the
requirements of prototyping volumes [43].
Tool size
Even though the building envelope of AM systems is increasing with
every product generation, today, the size of AM systems still is a limiting factor in tooling. Production oriented binder jetting systems are constructed in portal design and exhibit the biggest build areas, amounting
to 4000 x 2000 x 1000 mm for Voxeljet’s VX4000 [44] and 1800 x 1000 x
700 mm for ExOne’s SMAX+ systems [45]. Production like FDM systems
achieve building envelopes amounting up to 914.4 x 609.6 x 914.4 mm [46].
For SLS systems, the building envelope is even more restricted, with EOS’s
recently released P770 machine displaying an envelope of 700 x 380 x 580
mm [47]. The effective build area can be smaller if special materials are
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processed. The industry’s demand for bigger tooling is met by researchers
at Oak Ridge National Laboratories (ORNL) who are developing in cooperation with Cincinnati Inc. a Big Area Additive Manufacturing (BAAM)
system, being capable of producing large-scale products by polymer deposition [48].
VX4000: 4000x2000x1000

SMAX+:1800x1000x700

Fortus 900mc: 914x609x914
sPro 230: 550x550x750
EOS P770: 700x380x580

Dimension Elite: 203x203x305
Fused deposition modeling
Selective laser sintering
Binder jetting

units: mm

Figure 2.15: Comparison of the building area of selected AM systems.

2.2.6

Tooling summary

The manufacturing of tooling with conventional techniques involves a
high number of intermediate steps that require considerable manual effort, such as the fabrication of master patterns, or the preparation of semifinished materials, among others. Traditional tooling techniques are therefore subjected to long lead times typically amounting to a few weeks or
months. In AM lies a great potential in eliminating the drawbacks of conventional tooling techniques. A digitalized design process builds on the
capability to directly produce tools from digital files shifting from manual
to a digital nature of the work steps involved. The number and the length
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of processing steps as well as the number of “wait” times between two
manufacturing steps are potentially reduced. Promising applications for
AM tooling are found in the development of composite parts where AM is
a suitable technique to cope with accelerated design cycles. The productrelated advantages that follow from the flexibility is the production of individualized tooling and prototypes at costs that are indifferent to the lot
size. This makes AM suitable for low volume productions and prototyping. It therefore can be used for intermediate tooling, tooling prototypes
and low volume series. Currently, applications are limited by processing
conditions, printer size and dimensional accuracy, which is why they have
to be addressed accordingly.
Author

AM process

Materials

Composite process

Processing parameters
Pressure

Temp.

(bar)

(°C)

Atm.

120

Li [26]

FDM

ULTEM 9085

VARTM

Lusic [27]

FDM

ULTEM 1010

Autoclave

up to 3 bar

120

Autoclave

1 bar

up to 180

ULTEM 1010/9085, PC,

Schniepp [43]

FDM

Hassen [28]

FDM

Polyphenylene Sufide

Autoclave

n/a

n/a

Lakshman [29]

FDM

HIPS, PVA

Vacuum bagging

1 bar

n/a

VeroClear resin

Wet layup

1 bar

24

Leddy [31]

PolyJet

ABS, SR-30/110, CF-PPS

Table 2.1: Existing research studies on AM tooling for composite fabrication

2.3

structural cores

Sandwich structures are highly efficient lightweight elements consisting
of a lightweight core, adhesive layers and thin facings. While the facings
carry in-plane loads and require high strength and stiffness in tension and
compression, the core supports transverse and shear loads [49].
Facing
Adhesive layer
Honeycomb core
Adhesive layer
Facing

Figure 2.16: Sandwich structure with honeycomb core [49].

2.3 structural cores

Sandwich structures are employed in many engineering applications, including satellites, aircraft, ships, automobiles, rail cars, wind energy systems, and bridge constructions to name a few [50, 51, 52]. In most weightcritical applications, composite materials are used for the facings, more
cost-efficient materials are aluminum, steel or plywood. Materials used for
the cores include polymers, aluminum, wood and composites. To minimize
the weight, core materials are used in the form of foams, honeycombs or
use a corrugated construction. Recent approaches use lattice structures for
sandwich core applications [53, 54, 55]. In most load-bearing applications,
sandwich structures are used as planar panels, or simply-curved structures. Sandwich structures are typically manufactured using layup techniques (wet layup, prepreg), liquid molding or compression molding [56].
Recently the concept of multi-functional sandwich structures has gained
in importance as an approach to reduce the number of parts, the weight
or increase the functionality. Additional functionalities include among others sound vibration damping [57], thermal management [58] and, energy
absorption [57, 59, 60]. A major advantage of AM is the integration of
defined geometrical or structural features into a component. The second
category proposed in this thesis is the integration of structural and functional AM cores for sandwich structure applications. A few very recent
research studies have investigated the combination of AM and FRP for
sandwich structures (Table2.2) Riss et al. proposed a load-dependent optimization of honeycomb core structures for sandwich applications [61]. A
curved sandwich structure was produced including additional functionalities such as snap-in connections and an anti-telegraphing structure. However processing parameters were not mentioned. Nygaard et al. proposed
to structurally grade sandwich core materials in a lengthwise direction to
achieve the highest stiffness in the area of the concentrated load while gradually reducing the stiffness towards free boundary regions [62]. Williams
et al. investigated corrugated sandwiches using fused deposition modeling (FDM), three-dimensional printing (3DP), and stereolithography (SLA)
to produce complex-shaped cores that were over-laminated in a wet-layup
process with carbon fiber. Corrugated SLA cores seem to outperform flat
designs in three-point bending, indicating that freedom of shape could be
beneficial for enhanced functionalities [63]. Li et al. investigated re-entrant
honeycomb topologies with a sequential snap-through instability which
enhances the energy absorption abilities. The authors concluded, that architected core structures can be utilized to tailor the bending properties
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and the failure mechanisms [64]. Fig. 2.17 shows characteristic bending
curves (a) and the associated images (b).

Figure 2.17: Bending characteristic of sandwich composite specimen with UD
facings. The effective density of all specimen is 0.2 [64].

Janssen et al. investigated a novel process route combining thermoplastic composite blanks and selective laser sintering to produce a hybrid rib
structure. In this process, thermoplastic blanks are formed in a metal die
and are subsequently molded onto an AM rib structure. The two components are joined during the over-molding process, where the temperature
is kept above the melting temperature of both components. The authors
propose a preheating temperature of 250 °C for the CFRTP and 110 °C for
the PA12 in order to achieve contact temperature that is sufficiently high
to successfully join both components [65].

Figure 2.18: Hybrid truss structure consisting of a selectively laser sintered rib
structure and an over-molded carbon fiber-reinforced thermoplastic
tape [65].

2.3 structural cores

Author

Riss [61]

AM process

Materials

Composite process

Processing parameters
Pressure

Temp.

(bar)

(°C)

SLS

n/a

n/a

n/a

n/a

Nygaard [62]

FDM

ABS

Pre-cured facings

n/a

ambient

Williams [63]

FDM, 3DP, SLA

ABS, plaster powder, epoxy

Wet layup

1 bar

up to 70

VeroWhite resin

Pre-cured facings

n/a

Li [64]

PolyJet

Janssen [65]

SLS

PA12

Thermoplastic tape
placement

1 bar

n/a
250 (forming
temp.)

Table 2.2: Research studies investigating structural cores with AM in composite
structures.

2.3.1

Challenges for AM cores

Thermo-mechanical creep properties of AM polymers for FRP curing
Curing is a critical aspect for the processing of structural cores with AM
polymers. Since the AM cores should be lightweight, thin-walled structures may be used for the core design. The stability of such structures
under processing conditions (temperature, pressure, time) therefore is an
important consideration for the successful design and processing of AM
core structures. This challenge is common to AM tooling applications and
strongly relates to the characterization of AM polymeric materials for FRP
processing conditions. It is therefore investigated in Chapter 5.
Processing strategies
Most studies investigating AM-CFRP structures use low-temperature
curing cycles and low pressures. However, for the manufacturing of highperformance parts, higher temperatures and pressures yield in structures
with lower void content and better mechanical performance. The autoclave
prepreg process is a suitable manufacturing route for the production of
high-performance parts at low to medium volumes. While studies on autoclave tooling with AM exist, at the time of writing, no research is published
on the autoclave processing of AM-FRP structures.
Specific mechanical performance of AM-CFRP Sandwich structures
The available information on AM-CFRP sandwich structures is limited
to a few studies only. There is no study assessing the mechanical performance of AM-CFRP sandwich structures in comparison to state-of-the Art
design solutions. Moreover, no assessment for the lightweight potential of
AM-CFRP hybrids is available.
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Design strategies
AM offers an exceptional freedom in design. Thus, the question of efficient and effective design strategies is raised. For AM sandwich structures
the design strategies have not yet been investigated which is an interesting
opportunity for the design of efficient lightweight structures with additional functionalities.
2.3.2

Sandwich structures summary

Sandwich structures are efficient lightweight concepts and often are employed as planar panels. Recently, researches have started to highlight the
potential of AM for sandwich structures. AM can contribute in tailoring
the mechanical properties of the core to the load and enhance the functionality of the sandwich structure with architected cores. However, existing
research comprises the basic, the number of publications is limited and
the potentials are not yet fully exploited. Moreover, no studies on application level are known.
2.4

load introductions

Almost every structure requires joining elements for the introduction of
localized loads. Since in lightweight design the material is pushed to its
limits, load introductions require special attention in the design. A variety
of load introduction techniques exist, including adhesive bonding, clamp,
loop, bolted or riveted connections. Among others, inserts and onserts are
two important and widespread types of load introduction elements for
laminates and sandwich structures. They can either be integrated during
the layup or are applied after curing. Fig. 2.19 gives an overview on different application methods for local load introduction elements. Onserts
are elements that are bonded on top of the laminate (a) or the facing of the
sandwich (b) and therefore do not weaken the structure. They are typically
applied on the cured structure using an adhesive bonding layer making
the installation cost-efficient and flexible [66]. Inserts on the other hand
are locally embedded into the laminate layup or the sandwich structure
and typically exhibit higher load-bearing capacity. They are suited for the
introduction of out-of-plane, in-plane loads and bending moments. Inserts
can be applied on a cured substrate using reinforcement patches (c) or are
integrated during the layup (d). If applied on a cured structure an adhesive
bonding layer is used together with a stepped FRP patch [67]. The typical
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process of integrating an insert into a sandwich structure (e) involves several processing steps including drilling a hole through the facing, cleaning
the hole, filling the cavity with potting resin and positioning the insert until
the resin is fully cured. For high loads and non-weight sensitive applications a massive block may be integrated in the sandwich (f). A clearance
hole is drilled through the block and a screw-nut system may be used for
the attachment of components to the structure [68]. The integration of an
insert is a more laborious and costlier procedure than it is for an onsert.
Onserts
a)

Inserts
c)

Onsert on laminate
substrate
b)

Insert applied after curing
with bonding layer
e)

Onsert on sandwich
structure

Insert glued into filled
core

d)

Insert integrated into
base laminate
f)

Clearance hole through
integrated massive block

Figure 2.19: Overview of different application methods for local load introduction elements [67, 68].

Load introduction elements are either off the shelf elements or are specifically designed for a given load case. Recent studies outline the potential
of tailoring load introduction elements through optimization and the need
for novel joining techniques for multi-material assemblies. Optimization
may increase the mean strength of load introduction elements by 88% [69]
and decrease the weight by 50% [70] or increase the stiffness [71] compared to off the shelf products. Novel load introduction concepts include
penetrative metallic pins that protrude into the composite material. It was
reported that pins may increase the ultimate strength by 6.5 times, the maximum load by over 400% and the energy absorption by 80 times compared
to an unpinned benchmark joint tested in single-lap shear. The pins delay
the initiation of the failure leading to a 25% higher failure load [72, 68]. In
recent research, novel process chains are investigated to integrate inserts
during the FRP process to form an intrinsic metal-FRP hybrid structure.
Fig. 2.20a shows a metallic insert that is placed between CFRP fabrics. The
insert has six arms to introduce the load over a large contact area. The surface was sandblasted to provide a microscopic surface roughness that may

31

32

state-of-the art

positively impact the adhesion to the CFRP. The hybrid part is produced
by resin transfer molding. The injected resin flows into the holes of the
insert to provide additional mechanical interlocking. The second example
consists of a thin-walled hybrid shaft where a preformed aluminum insert
interlocks with a CFRP. The waviness is supposed to better transfer tensile
and compression loads when compared to a single lap design solution [73].
The part was manufactured using an integral tube blowing process. First, a
thermoplastic preform was created by braiding CF/PA6 tapes. The metallic load introduction element was manufactured in a two-stepped high
pressure hydroforming process. The metallic element was then slid on the
preform. In the blow moulding process high air pressure blows the CFRP
against the outer tooling and creates the hybrid part. In this process the
forming and the curing of the final hybrid part occurs in the same process
step [20].

Figure 2.20: Metal-composite hybrid structures made by resin transfer moulding: insert (left) and shaft connection element (right) [73].

A few very recent studies investigate the potential of additive manufacturing for load introduction applications (Table 2.3). Spierings et al.
investigated the potential of SLM to produce functional and optimized
brackets for ETHZ-formula student racing cars. The complex brackets were
mounted to the composite chassis of the racing car using screw and bolt
joints. The brackets were tested on the car during one race year [74]. Gebhardt and Fleischer picked up the concept of load introductions with pins
using AM. They report an increase by 355% and by 42% for the tensile
shear failure load and the pull-out load compared to reference inserts [75].
Ferrari investigated novel load introduction concepts using the design freedom of selective laser melting (Fig.2.21). The load introductions were integrated into a glass fiber-reinforced laminate before curing to form a hybrid
structural element. The concepts were successfully compared to a bolt joint.

2.4 load introductions

Results indicate that SLM elements can bear five times the load of a typical
bolt joint connection [76].

Figure 2.21: Load introduction elements made with SLM [76].

Gafner investigated inserts for sandwich structures with SLM. Fig.2.22
shows an insert with a graded honeycomb structure. A continuous stiffness
transition from the center to the outer edge of the insert is desired. The
wall thickness of the trusses is used to grade the mechanical properties.
However, the process-related minimal wall thickness of 0.2 mm yields in a
structure that is stiffer than the aluminum honeycomb core. The insert was
embedded into a sandwich panel and tested in a pull-out loading. Results
indicate slightly improved breaking loads compared to a round aluminum
reference [77].

Figure 2.22: Inserts for sandwich structures [77].

Ferrari investigated the applicability of FE based structural optimization
on inserts for sandwich panels for potential space applications. To fully
use the potential of optimization, the inserts were manufactured with AM.
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With structural optimization and AM, the mass of the insert could be reduced by 30% without compromising the pull-out failure load compared
to aluminum reference inserts [78].
a)

b)

c)

Figure 2.23: Structurally optimized insert for sandwich panels made with additive manufacturing: Optimization result (a), produced insert with
SLM (b) and section view of the sandwich panel with core shear
failure after pull-out testing (c). [78].

One of the first studies combining AM with FRP highlighted the importance of AM to carbon fiber using the example of a lightweight beam with
complex end couplings for robotic applications (Fig. 2.24). The inner mandrel can either be solid or sparse filled, dependent upon the requirements
for strengths. The mandrel was wound with continuous carbon fiber filaments. In this study, AM was used as tooling and to integrate complex end
pieces [79].

Figure 2.24: Hybrid beam structure (left) consisting of an AM mandrel with
complex coupling elements (right). The mandrel was assembled
with the end pieces and wound with CF [79].

2.4 load introductions

Author
Spierings [74]
Gebhardt [75]

AM process

Materials

Machine

SLM

Stainless steel 316L

Concept Laser M2

SLM

Steel

n/a

Ferrari [76]

SLM

Stainless steel 316L

Concept Laser M2

Gaffner [77]

SLM

Stainless steel 316L

Concept Laser M2

Ferrari [78]

SLM

Stainless steel 316L

Concept Laser M2

Love [79]

FDM

ABS

n/a

Joining process
Bolted
Integrated during
RTM layup
Integr. during
layup (co-cured)
Integr. during
layup(co-cured)
Integr. during
layup(co-cured)
Filament winding

Table 2.3: Existing studies on AM load introduction elements for FRP structures

2.4.1

Challenges for load introductions

Design tools
The potential advantages of customized inserts have been shown in a
few case studies. However, the authors mention an extremely high design
effort for the production of customized inserts in industrial applications.
In most studies only the inserts were optimized. Extending the system
boundary for the optimization to the reinforcements and the core could
yield in better designs.
Cost of metal AM
The cost of a metal AM insert is still high compared to a machined reference insert. In general, the main cost drivers for metal AM are composed
of the material price and the processing effort [80].
Cost of metal AM
Post-processing is an important step to generate the desired surface
finish, the required tolerance or to integrate functional features such as
threads. However, the more complex the part geometry, the more difficult the clamping and the machining of the part. Post-processing might
also be conducted to reduce the surface roughness and thus to increase
the dynamic mechanical performance of the part. These aspects should be
considered during the design process to minimize post-processing effort.
However, no detailed design guideline is available.
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2.4.2

Load introductions summary

Load introduction elements are of particular interest in the design of
lightweight structures. Optimization techniques can significantly contribute
to the design of lightweight load introduction elements and AM is a suitable technique for the production of novel load introduction concepts.
Novel concept often are embedded during the layup and have tailored mechanical properties. Most studies are of explorative nature on basic level,
which indicates that there is a lot of uncovered design potential.
2.5

research needs

The potential offered by combining AM with CFRP is considerable under many points of view, and in particular regarding the development
of optimized lightweight structures with complex shapes and integrated
functionalities. However, at the present state only a few studies have been
investigating the AM-CFRP approach. A fundamental limitation for the design of AM-CFRP structures using the autoclave prepreg technology is the
processing at elevated temperature and the necessary pressure to obtain
high-quality laminates. Most studies use vacuum bagging and room temperature cure cycles, which may lead to components with low fiber volume
fractions and a significant amount of voids ranging up to 10% [81]. While
the longitudinal tensile properties of FRP do not appear to be influenced by
voids, most other resin-dominated mechanical properties including, compressive modulus and strength, transverse tensile modulus and strength,
and bending and shear properties are influenced by voids [82]. For example, a void content of 2.5% has the effect of reducing the inter-laminar
shear strength by about 40-45% [83]. Moreover, void content reduces the fatigue performance by acting both on the initiation and the propagation of
cracks leading to failure [84]. In this thesis high performance applications
are targeted using a robust manufacturing route. Therefore the autoclave
prepreg process is selected as the manufacturing technology. The material
properties of AM polymers necessary for the processing with FRP in the
autoclave are not available. Often the material properties are limited to the
primary tensile properties at room temperature conditions. Some materials
with high thermo-mechanical properties exist, however, the material availability is limited and the cost is high. In order to design a hybrid structure that is cured together with FRP reinforcements, material properties
at the curing conditions including creep behavior are needed. A method
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for the characterization of polymeric AM materials for the processing in
FRP is thus desirable. The mechanical performance of structural AM elements has been assessed in a few studies, however, there is no systematic assessment linking the mechanical performance, the weight and the
processing conditions. Furthermore, successful design and manufacturing
strategies that yield high-performance structures have not yet been investigated. The number of studies investigating hybrid structures combining
AM and CFRP on a component level is very limited. Guidelines for developing hybrid structures with AM-CFRP including the selection of the
part, the materials and processes, the design, and the manufacturing, and
the testing are not available. Moreover, the drivers for the value adding potentials are unknown. The three categories - tooling, structural cores and
load introductions - are qualitatively classified according to their maturity
in terms of basic research, applied research and applied in industry (Fig.
2.25). Basic research comprises studies focusing on the fundamentals, that
is the study of an isolated structural element. Applied research considers
the fundamentals in order to demonstrate the viability of the technology
on demonstrator level. The third category consists of actual applications of
the combination of technologies in the industry. The figure shows that AM
tooling for composite part fabrication is covered from basic research to applied research and is currently being adopted by industry with a focus on
layup tooling. To the best of the knowledge of the author, sacrificial tooling
with FDM and BJ is currently in the stage of applied research, as the number of case studies is suggesting. The concept of structural cores made by
AM is currently on a basic research level, with most studies investigating
the fundamental mechanical behavior of enhanced functionalities. At the
time of writing no application on component level is known to the author.
The integration of load introduction elements in composites to form hybrid
structures has been investigated on basic and applied research level. Different design approaches have been investigated, without having proposed a
clear design strategy yet.
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Basic research

Tooling

Structural cores

Applied research

Applied in
industry

Layup tooling with FDM
Sacrificial tooling with FDM
Sacrificial tooling with BJ
Enhanced
functionalities
SLM

Load
introductions

FDM

Figure 2.25: Classification of the state-of-the Art according to the maturity of the
technology.

RESEARCH QUESTIONS

3

In this chapter the research questions stated in the introduction are derived and put into the context of this thesis. Fig. 3.1 shows how the research
questions relate the design concepts to the overall goal of this thesis, which
is the investigation of hybrid structures with AM and FRP. The research
questions are either driven by the fundamentals for the design and the
processing or by the applications and their potential impact.
RQ 1: Which novel design concepts arise from the combination of
strengths?
RQ 1 is explorative, and is derived from the various possibilities of reasonable combinations of AM and FRP. Based on the state-of-the Art presented in the previous chapter, novel design and processing concepts are
derived (Chapter 4).
RQ 2: What are fundamental processing challenges?
RQ 2 is formulated based on the challenges identified for each design
potential in Chapter 2. RQ 2 seizes on fundamental challenges for the processing of AM polymers in a FRP layup process. In FRP layup processes,
heat and pressure is applied over time to cure the thermoset resin and
to consolidate the reinforcement material. To successfully design AM elements (tooling, cores) for heat and pressure loading over time, the material properties under FRP processing conditions have to be investigated.
Therefore RQ 2 addresses the investigation of the thermo-mechanical creep
behavior of commercial AM polymers including ABS by FDM, PA12 and
HST DuraForm by SLS.
RQ 3: How can AM support the fabrication of composite structures?
In RQ 3 the freedom of design of AM is used to support the processing
of hybrid structures. The “Design for processing” approach can support
the integration of functions and thereby significantly contribute to the development of highly integrated structures. The fabrication of composite
and hybrid parts is a laborious process that is associated with high effort.
The freedom of design of AM can be used to support the fabrication of
composite and hybrid parts. RQ 3 is formulated along the FRP processing
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chain (layup, handling, curing, post-processing), which is why it comprises
all three design concepts.
RQ 4: How to design lightweight structures with superior mechanical
performance?
While RQ 3 focusses on the “design for processing” aspect, RQ 4 addresses the “Design for performance” with AM. Based on the fundamental material properties investigated in RQ2, the question of how to design lightweight and load-bearing structures with AM and FRP can be
addressed. The breaking load, the stiffness, the strength and the weight
are typical criteria to assess the mechanical performance of lightweight
structures. RQ 4 therefore addresses the strategies for the design of mechanically superior lightweight structures on fundamental level. Various
design strategies are elaborated and compared to the state-of-the art reference by using a hat-stiffener beam geometry in three-point bending.
RQ 5: What is the added value of AM-FRP in structural applications
on system level?
RQ 5 is derived from the goal of the thesis which is to establish engineering design know-how for the development of integrated structures with
AM and FRP. RQ 5 incorporates all three design concepts into demonstrator applications and quantifies the impact of the design strategies (performance, processing) on system level. RQ 5 aims at validating the AM-FRP
technology and at identifying the drivers of the added value of AM-FRP
for highly integrated lightweight structures.

research questions

Tooling
Design
concepts

Structural
cores

Load
introductions

Which novel design and processing concepts
arise from the combination of AM with FRP?
RQ 8 6 Chapter 4

Processing
fundamentals

Material behavior of AM
polymers during curing Tp5T5t)
RQ 2 6 Chapter 5
Design strategies to support the processing
of AM-FRP structures

Design
fundamentals

RQ 3 6 Chapter 6
Design strategies for loadbearing lightweight structures
RQ 4 6 Chapter 7

Applications

What is the added value of AM-FRP
in load-bearing applications on system level?
RQ 5 6 Chapter 8
Highly integrated lightweight structures

Figure 3.1: Research questions in the context of design concepts and research
goals.
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4

This chapter presents three novel design concepts for the combination
of additive manufacturing with fiber reinforced polymers. This chapter
addresses RQ 1:
RQ 1: Which novel design concepts arise from the combination of
strengths?
The design concepts are based on the state-of-the Art and are extended
by new design possibilities arising through the combination AM-FRP. The
concepts are categorized into tooling, structural cores and load introductions.
The first design concept is the application of AM tooling and molding
for the fabrication of composite structures. The second concept comprises
multifunctional structural core elements for hybrid sandwich structures.
The third application consists additive manufactured load introduction elements that are integrated either into composite laminates or sandwich
structures. The general manufacturing technique applied in this thesis is
an autoclave prepreg process, which is a well-established and robust manufacturing route for the production of high performance lightweight structures. In this process prepregs are cut and laid down in the desired fiber
direction on a tool. The layup is vacuum bagged and put in the autoclave
where defined temperatures and pressures are applied for curing and consolidation of the part. Figure 4.1 shows an adapted prepreg layup process
where complex elements made by AM are inserted during the layup. These
elements can consist of tooling, structural elements or load introductions
that are made with AM. In this process, the hybridization occurs during
the layup and the curing, which yields intrinsic hybrid structures.
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FRP layup process chain
Semi-finished
reinforcement
(e.g. prepreg)

Near-net
shape cutting

Hybridization
Layup

Curing
(e.g. autoclave)

Postprocessing

Pre-assembly
of AM elements
AM process chain
Building
AM elements

(Postprocessing)

Figure 4.1: AM-FRP layup process for the development of intrinsic hybrid structures.

4.1

tooling

Two novel tooling approaches are presented. While the first approach
supports the fabrication of complex structures, the second one addresses
repair and spare part production using a digital design process.
4.1.1

Hybrid structures with washout tooling and functional hull made by AM

This section introduces a novel approach for washout tooling using a
functional hull made with AM (Fig. 4.2). The underlying idea of the approach is to separate the shape-giving function from the structural curing
support. In this approach a thin hull with integrated functionalities is designed and produced with AM. The hull is then sealed using epoxy in
order to avoid resin inflow in the curing stage. The hull is filled with a
temperature-resistant material with good flowability. When the fill is complete and equally distributed in the hull, a plug is used to close it. In the
next step the FRP may be applied using prepreg layup or any other suitable layup technique. The assembly is vacuum bagged and cured, e.g. in
an autoclave. After curing, the vacuum bag is removed and filler material
is washed out. The hull may be fully or partially removed dependent on
the integrated functionalities. Some functionalities might be useful in the
operation of the part, while others purely support the processing and may
be removed.

4.1 tooling
Hybrid AM-FRP structure using a functional AM hull, and a filler material
p, T

Hollow AM tool

Fill AM tool with
temperature-resistant
filler material

Layup/wind
FRP

Vacuum bagging,
cure

Remove tool
and filler

Figure 4.2: Process route for washout tooling using a temperature-resistant filler
material and a functional hull made with AM.

The hull is the component that provides the surface for the layup of the
FRP. It thus fulfills the function of tooling. Moreover, additional functionalities for the processing or the operation of the final part can be integrated
into the hull. Fig. 4.3 shows a design concept for an AM-CFRP hat-stiffener
beam that is processed using this approach. The functional hull can be
made using various AM technologies, however, to fully use the potential
of this approach, a technology that allows distinct design features to be produced should be selected. In Chapter 7, the approach is implemented using
SLS to produce to functional hull. Such design features can include joining
and connection elements to assemble different parts of the hull in order to
cope with the limited building envelope of AM machines (c.f. Chapter 2).
A plug is used to sufficiently compress the filler material for the autoclave
pressure. In the case the hull might be of structural relevance during the
operation of the part, with AM, optimized structural support (e.g. hollow
trusses) may be integrated into the hull. The performance aspect of this
approach is discussed in Chapter 7. A limitation of the approach is the
thickness of the hull, which is limited by the AM processing technology.
For SLS; the minimal wall thickness for randomly oriented parts in the
building chamber amounts to approximately 0.5 mm on a DTM Sinterstation 2500plus. If the hull is not removed after curing, a considerable dead
weight has to be accounted for. To avoid that, rated breaking points may be
integrated into the hull, to enable mechanical removal after curing. In that
case, the AM parts which will be removed should be treated with release
agent during the preparation.
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Plug
CFRP
Functional hull
Filler material

Side view

Plug

Structural support

Sliding connection

Figure 4.3: Design concept for an AM-CFRP hat-stiffener beam with functional
hull made by AM and a temporary filler material.

The filler material is ideally selected according to the following criteria
for an optimal process result:
• Flowability
• Temperature-resistance
• High compression modulus
• Ecologic removal
• Soluble
• Cost-efficient
When the filler material is poured into the AM hull, it should easily
trickle into the corners on the undercuts completely filling the internal
volume of the hull. The use of a vibrating table may help in reaching an

4.1 tooling

equal distribution of the filler. The filler material should be temperatureresistant (e.g. high melting point) and exhibit a high compression modulus to withstand the autoclave curing process. An eco-friendly way of
removing the filler material is desired, preferably with water. In order to
avoid remnants, as it might be the case with binder jetting sand, the filler
material should be dissolved in water. Finally the material should be costefficient. Salt is such a material, that very well fulfills the requirements
listed above. It has a sufficient flowability, exhibits a melting point of up
to 800 °C and has a compressive strength of approximately 22 MPa at 194°
C [85]. Moreover, it is dissolvable in water; an eco-friendly and low-energy
removal technique. This a clear ecological advantage compared to most
thermoplastic materials that require to be dissolved in an alkaline solution.
Moreover, salt is chemically dissolved in water, leaving no remnants in the
hull structure. The main advantage of this tooling concept is that it does
not require high-tech technologies and materials for the production of an
autoclave-suitable core. The function of shape-giving (layup surface) and
process-load-bearing are separated. With sufficient know-how about AM,
the processing approach can be widely available. Moreover, the concept is
design-driven, which makes it flexible and adaptable for various individualized low volume products. The process may be used for the production
of high-performance structures requiring a high process and material investments (e.g. autoclave, prepreg). However, it can also be applied in lowinvestment processes such as wet-layup, and vacuum bagging only using
more cost-efficient materials. Using salt is a cost-efficient and ecological
alternative to most high-temperature thermoplastic material processed by
FDM. Compared to sand, salt fully dissolves in water which guarantees
full removal. Furthermore, distinct functions may be integrated into hull,
which is not possible with binder jetting sand.
4.1.2

Hybrid structures with added functionalities and washout tooling using
model and support material of FDM

This section introduces an approach for the creation of AM-FRP hybrid
structures using FDM. This approach uses the model and the support material of the FDM process to generate functional elements, load-bearing
structures and structural curing supports. While the model material of the
FDM process is used for functional and load-bearing structure relevant in
the operation of the part, the support material is used as a temporary support during the curing of the reinforcement. The general process route is
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described (Fig. 4.4): In the first step, the part is designed including functional elements and load-bearing structures necessary for the operation of
the final part. These elements are produced using the model material (e.g.
ABS of a conventional FDM machine. In order to force the automated generation of support structures along the layup surface, rods (Fig. 4.5) made
of model material are introduced. The part is produced with FDM and the
reinforcements are laid onto the tool. The assembly is then vacuum bagged
and cured at room temperature. After curing, the support material is chemically dissolved in the corresponding alkaline solution. The final part is of
hybrid nature consisting of FRP and co-cured functional or load-bearing
elements.
Washout tooling techniques with fused deposition modeling
Model material

p, T

Support material

Create tool and
functional elements
with FDM

Layup FRP

Vacuum bagging,
low temp. cure

Chemically dissolve
support material

Figure 4.4: General processing technique for hybrid AM-FRP structures using
FDM tooling and a low temperature curing process.

Fig. 4.5 shows a design concept of a AM-CFRP hat-stiffener beam based
on the FDM washout-tooling approach. The part is design for a three-point
bending load case. Therefore, structural element are integrated in the center (where the load is applied) and at the ends of the beam (where the
beam is supported). The structural elements are made by model material.
The AM part was manufactured on a Stratasys Dimension Elite machine,
where the support material cannot directly be controlled by the user. Since
the support material is generated automatically, a way has to be found
to force the creation of support material. This is done by the rods, which
force the automated generation of supports below. Thus, the inner volume
of the hat-stiffener is filled with support material. A wet layup technique
is used to lay down the reinforcements. The assembly is cured at room
temperature and vacuum pressure. Higher temperatures might lead to a
collapse of the support material, which is why this approach is suited for

4.1 tooling

low pressure and low temperature processes only. After curing, the support structure is dissolved in an alkaline solution.

CFRP

Rods for
forced support
Load introduction elements
(model material)
Side view

Support structures automatically generated by
software (schematic), removed after curing
Figure 4.5: Design concept of a AM-CFRP hat-stiffener beam using FDM model
material for load introduction elements and FDM support material
for temporary supports during curing of the CFRP. The support material is washed out after cure yielding a hybrid AM-CFRP part.

The main advantage of this approach is that functional and temporary
curing elements can be designed and produced in one step via FDM. In
some systems (e.g. Ultimaker) the support and the model material can
be steered independently, making the rods unnecessary. Moreover, the approach features very low investment costs, as the price for office FDM
systems are lower compared to state-of-the Art SLS machines. The support material of most FDM systems is mechanically weak, which makes
the process suitable for room temperature curing cycles, which do not require expensive prepreg systems and autoclave infrastructure. A limitation
is found in the mechanical properties of the model material contributing
to the mechanical performance of the AM-CFRP hybrid structure. Furthermore, the cured laminates most probably will have a lower fiber volume
content and a higher void content compared to autoclave prepreg systems.
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4.1.3

Digital process chain for spares and repairs

Two novel approaches for the production of spare parts and damaged
composite repairs are proposed. The approaches are derived from the stateof-the Art of tooling applications. While many examples exist for AM
layup and washout tooling, at the time of writing, no research study is
known on repair and spare parts using AM and FRP. Both approaches
propose a fully digital process chain and have the potential to increase
response time, reduce the number of processing steps and the lead time.
First, the spare part process is presented, followed by the process for composite repairs using AM. The production of spare parts with AM is an
increasingly interesting field of research for AM due to the potential of
distributed production based on digital files [86, 87]. The general process
route proposed for the production of spare parts is shown in Fig. 4.6. First,
the geometry of the part is captured using digital tools such as 3D scanning with contact device or using a contact-less laser. The step of geometry
capture may be skipped, if a digital model of the part to be reproduced
is available. Then, either a master model or a layup tool is designed and
prepared for AM production. A master model is required if the spare part
requires high temperature curing cycles, if a production tool is demanded
or if the tool size exceeds the AM building envelope. In those cases the
master model is produced via AM and used for the production of a FRP
tool. The FRP tool is then used for the production of the spare parts. Sometimes the direct production of the layup tooling may be more efficient, e.g.
if the part size, the volume and the mechanical requirements allow for that
route. The layup tool is designed in CAD and produced with AM. The
final FRP spare part may directly be produced from the AM layup tooling.

4.1 tooling
Digital process chain for spares using 3D scanning and additive manufacturing

Digital geometry
capture on the part
to be reproduced,
if digital model is
not available

Digital geometry
manipulation

3D print
master model

3D print
layup tool

FRP part

FRP tool

FRP part

Figure 4.6: Digital process chain for spares using additive manufacturing.

The general process chain for patch repairs is depicted in Fig. 4.7. The
damaged area of the composite part is captured using 3D scanning techniques. Based on the scan data, a customized patch layup mold is designed
and produced with AM. In the next step, the layup of the patch is performed and the patch is cured on the mold. Finally, the cured patched may
be used on the damaged part to repair it. In cured patch approaches, high
dimensional fidelity is required since the patch perfectly has to fit into the
damaged area. Therefore material selection and curing processes are relevant to the success of this approach. In soft approaches, the uncured patch
is directly laid on the damaged part and cured at room temperature and
low pressure. The approach presented in this research is based on hard
patches, which typically exhibit better mechanical properties as they are
cured at higher pressure and temperature.
Digital process chain for patch repairs using additive manufacturing

Digital geometry
capture on damaged
part

Digital geometry
repair

Customized
mold

Layup FRP
and cure patch

Bond patch
to damaged part

Figure 4.7: Digital process chain for hard-patch repairs using additive manufacturing.
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Both processing concepts leverage the flexibility of AM for the production on-demand parts with low lead times. However, this thesis focusses
on the novel designs and processes for highly integrated part with AM
and FRP, which is why they are not further pursued in this research.
4.2

structural am elements in sandwiches and beams

This section introduces novel design concepts for structural AM elements that are inserted between the facings to form a highly integrated
hybrid sandwich structure. These design concepts include the tailoring
of the core properties to local loads, the possibility to vary the height of
the core, the design of complex-shaped cores, corner joints, enhanced corefacing bonding, and the integration of additional functionalities to enhance
the structural and functional performance of the hybrid part.
4.2.1

Tailored mechanical performance (TMP)

Typical sandwich structures consist of a series of planar panels that are
assembled to an overall structure using a series of interfaces. These interfaces often are off-the-shelf screws, rivets and angles and are integrated
with high manual effort into the cured sandwich structure. Sandwiches
typically exhibit constant mechanical properties along the whole panel,
even though sandwiches have to carry localized loads. Fig. 4.8 shows a
longitudinal section of a sandwich panel that is subjected to a single transverse force. The strain energy, which is a measure for the mechanical loading of a structure, is displayed for the core of the panel. The analysis shows
that the loading is inhomogenously distributed in the core, with some areas being higher loaded than others. The areas of the load introductions
and the supports display a higher strain energy (in red). Other areas are
less loaded or require no structural material at all. Efficient sandwich structures should be designed according to real load conditions, however today
most sandwich structures use core material with homogenous properties
and simple geometries, thereby leaving some lightweight potential unused.

4.2 structural am elements in sandwiches and beams

F

Figure 4.8: Longitudinal section of a sandwich panel loaded with a single force
shows inhomogeneous loading (strain energy). [88]

With additive manufacturing, material can be added or removed and
thereby the mechanical performance of the structure can be tailored to local loads. The mechanical properties of the core can be adapted according
to the local mechanical requirements. Fig. 4.9 shows a concept for a hatstiffener beam with CFRP facings and a structural AM core. The detailed
analysis and testing of the hat-stiffener is described in Chapter 7, as this
section focusses on design potentials. The hat-stiffener beam is subjected to
autoclave pressure during manufacturing and to three-point bending during the operation of the part. The core structure is therefore tailored for
both load cases: The structural element supporting the three-point bending load are shown in blue, while the structure bearing the processing
pressure is displayed in grey. Fig. 4.10a shows the von Mises stresses in the
AM core. It can be seen, that three areas are highly loaded: First, the load
introduction area, where the three-point bending line load is introduced
using a cylinder roller. Second, the edges where the load is transferred to
the support, which is the third are. This is confirmed by the load path in the
facings shown in Fig. 4.10b. To bear the processing pressure, a lightweight
periodic grid with a series of complex structural elements is used. (Fig. 4.9,
in grey). T-beams are designed into the grid (see section view) in order to
provide adequate bending stiffness of the grid beam under pressure loading. Moreover, the center beams are connected with arc structures to minimize stress peaks at the interface of the truss to the grid beam. Since the
processing pressure yields in compression loading of the structure, hollow
trusses are used instead of rods. Hollow trusses exhibit higher resistance
against kinking compared to rods with equal cross sectional area. Moreover, cross struts are integrated into the structure to prevent the side walls
from indentation as a result of the pressure. The core structure is designed
for SLS which is a suitable technology for the production of highly com-
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plex and load-bearing plastic parts without supports. However, two design
restrictions have to be considered: First, the removal of the powder limits
the minimum hole diameter to approximately 1 mm. Second, the minimal
wall thickness should amount to 0.5 mm in order to guarantee a robust
manufacturing of the structure.

Tailored load-bearing
structure (blue)
Tailored structure for
autoclave processing
(grey)

CFRP
Section view

Reinforcement for
load introduction

T-beams
Arcs
Hollow trusses

Cross strut

Figure 4.9: Design concept for a AM-CFRP hat-stiffener beam with a structural
core that is tailored to local three-point bending loading and to autoclave processing pressure.

4.2 structural am elements in sandwiches and beams

a) Von Mises stress in the structural core during three-point bending
Line load introduction

Support
b) Load vector analysis in the facings during three-point bending
Line load introduction

Support
area

Edge

Figure 4.10: Stresses in the structural core (a) and load vectors in the facings
(b) of a hybrid AM-CFRP hat-stiffener showing the utilization of
the structure. The load follows the edges and is transferred into the
supports.

A second example for tailored mechanical properties are AM honeycomb cores (Fig. 4.11). In areas with high stress concentrations a solid
material core element provides the highest strength. The core can also be
tailored according to the direction of the stresses, e.g. for out-of-plane, inplane, tension and compression. In other areas, where lower loads act upon
the core structure, an efficient core design reflecting the optimum between
weight and strength should be selected. In this example, a periodically repeated honeycomb unit cell is selected. The AM honeycomb unit cell is
made from a DuraForm HST Composite, a dry blend compound based
on polyamde 12. The unit cell has a relative density of 226 kg/m3 or ap-
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proximately 19% compared to the solid material which has a density of
1200 kg/m3 . However, the density of the AM unit cell corresponds to approximately 7.8 times the density of aramid honeycombs (e.g. C2-3.2-29-8,
r = 29 kg/m3 ) and 4.4 times the density of structural foams (e.g. Rohacell
IG-51,r = 52 kg/m3 ). The current limitation in designing ultra-lightweight
AM honeycombs is related to AM processes. For SLS, the minimal wall
thickness is of around 0.5 mm compared to 0.05 to 0.14 mm for typical
aramid honeycombs [89]. Design strategies to tailor the mechanical properties are manifold, including lattices, cellular structures or structures that
are derived by optimization algorithms. In Chapter 7, some design strategies are investigated for hat-stiffener beams and the specific mechanical
performance is assessed in three point bending.

AM honeycomb
ρ = 1200 kg/m3

Solid core
ρ = 1200 kg/m3

Figure 4.11: AM sandwich core concept with tailored properties: AM honeycombs for lower stressed areas compared to solid material core for
highly stressed areas.

4.2.2

Variable core height

The total height of the core can be varied along the structure, while keeping the overall sandwich thickness constant. Highly stressed areas such
corners may require additional reinforcements materials. Pockets with a
depth equal to the thickness of the reinforcing patches can be integrated
into the AM core. The doublers, i.e. reinforcement patches, are put into the
AM pocket to gradually distribute the high local forces over a larger area.
With AM, it is possible to locally reinforce the facings without changes
in the total structural height. Other applications include the tapering of a
structure towards the free edge of the panel.

4.2 structural am elements in sandwiches and beams

�1

�2

Variable core heigth
(pocket for FRP patch)
Figure 4.12: Variable height of an AM core for sandwich structures. With AM,
the core height can vary freely, without requiring additional processing steps. The feature can be used to locally insert FRP patches
without changing the total height of the sandwich structure.

4.2.3

Complex-shaped core structures

While most foam cores can be thermoformed or machined into complex shapes, the formability of honeycombs typically is limited to onedimensional and small two-dimensional curvatures. Commercial honeycombs mostly are based on a hexagonal cell shape which is ideal for flat
sandwich panels. Bending such a honeycomb around one axis results in
a second bending deformation along a second axis. This phenomenon
is called anticlastic or saddle-shaped curvature and is a result of the effective in-plane Poisson ratio being positive [90]. In order to produce a
curved sandwich structure, the honeycomb is forced into the desired shape,
which may cause local crushing of the cells. Modifying the geometry of the
honeycomb may produce honeycomb cells that are more suitable for the
manufacturing of double curved panels [91]. In AM, part complexity and
manufacturing effort are decoupled (complexity for free), which makes the
technology suitable for the production of complex-shaped cores structures.
Fig. 4.13 shows a novel AM-CFRP concept for a hip module for the VariLeg exoskeleton. The VariLeg is a powered exoskeleton and is a promising
approach to restore the ability to walk after spinal cord injury. The VariLeg
exoskeleton was developed at ETH Zürich and successfully participated in
the Cybathlon 2016 competition with a paraplegic pilot [92]. The hip module is a key structure for the overall functionality of the VariLeg. It is adjustable to different pilots and provides the interfaces for the attachment of
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the pilot using straps. Moreover, it hosts the attachments for the electronic
rack and provides the main load-bearing link between the two robotic legs.
The current hip module is made in a differential design using aluminum
tubes and machined parts. The novel hip concept is a hybrid part using
different materials for the core and has integrated load introduction elements. The pre-assembled core is then over-laminated with CFRP reinforcements. The hip consists of a complex-shaped core structure designed for
AM production with SLS. The main structural concept is a SLS-core with
pre-fabricated CFRP tubes that are mounted on the SLS core. Steel load
introduction elements made by SLM are inserted into star-shaped pockets
that are integrated into the SLS core. In the center, a machined foam core
is inserted into the SLS core structure. The foam core has a comparatively
simple geometry in order to be facilitate machining. Moreover, the foam
core does not feature any pockets for inserts or any other attachments,
since all functional elements are integrated in the SLS core. A machined
element from aluminum is connected to the core. The aluminum piece is
necessary for the attachment of the leg structure.

4.2 structural am elements in sandwiches and beams

VariLeg exoskeleton

AM-CFRP hip module redesign

Left section of the hybrid hip core
structure, without CFRP facings
Complex-shaped AM core

Foam core

CFRP tube

SLM load
introduction
element

Aluminum machined
load introduction
Figure 4.13: Design concept for a hybrid AM-CFRP hip structure for the VariLeg
exoskeleton.

Fig. 4.14 shows the complex-shaped SLS core element in detail. A doubly curved surface provides a load-oriented shape for bending and torsion
load cases. Furthermore the shape allows to elegantly sweep the structure
from the back to the side of the hip of the pilot. The outer surface is designated for the layup of CFRP reinforcements. The following functional
elements are integrated in this design: A ring is integrated to the SLS part
to position the pre-fabricated CFRP tube correctly. A positioning stopper is
integrated to position the machined aluminum element. AM honeycombs
are used in areas where high bending stiffness is required. An internal rib
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structure gives the part the required stability for the processing (see Chapter 5 on the material characterization) without compromising the weight.
This example represents an integral design solution for a highly complex
shaped AM structural element, that goes beyond the possibilities of forming conventional foams and honeycombs. As complexity for free, the AM
part features all the functional elements and the complex geometries in
one part only. This approach has the potential to reduce the weight and
the part count of the hip by 50% compared to the aluminum reference,
while significantly increasing the stiffness through a load-oriented design.
Doubly-curved surface

Positioning ring

Positioning
stop

Ribs

AM honeycombs

Figure 4.14: Detailed view of the complex-shaped AM structural core element of
the AM-CFRP hip module. It includes load-bearing and functional
elements.

4.2.4

Load-oriented corner joints

Flat honeycomb sandwich panels are joined using a variety of methods
some of which are shown in Fig. 4.15.

4.2 structural am elements in sandwiches and beams
State-of-the Art corner joints
a) Cut-and-fold corner

b) Bonded butt joint

Compound filler
Reinforcement layer
Inner facing

Figure 4.15: State-of-the Art corner joints for sandwich panels [93].

Often joining is done with pre-cured sandwich panels. The ‘cut and fold’
technique (a) is state-of-the Art in modern sandwich designs and often
found in aircraft interiors [93]. It is manufactured using one pre-cured
sandwich panel. A groove is milled out to remove a strip of the facing
and the open honeycombs are filled with a compound. Then, the plate is
folded about 90 ° and a reinforcement layer is laminated onto the inner surface to fixate the joint. A series of experiments reported that the ‘Cut and
fold’ corner joint showed the highest failure loads and the highest bending stiffness, as a result of the solid filler used in the corner. A reported
failure mode is a rupture of the filled and the neighboring unfilled cells.
The manufacturing process however includes a certain number of steps
including pre-curing, milling, filling, and over-laminating. Two concepts
based on structural AM elements that are inserted during the layup are
proposed (Fig. 4.16). In (a) a load-optimized structural corner element is
bonded to the core and co-cured to the facings. The corner element may
be optimized with structural optimization algorithms (e.g. topology optimization) to provide adequate strength-to-weight ratio and a load-oriented
design. The second concept consists of a structural AM core element with
graded stiffness properties to provide a continuous load transfer between
the core and the joint. Both concepts facilitate the manufacturing of complex sandwich corners: The cutting of the honeycomb remains simple, as
two flat shapes are pre-fabricated. The corner joint is accurately produced
with additive manufacturing and the desired angle of e.g. 90° is defined in
the CAD design. During layup both honeycomb cores and the AM corner
joint are placed on top of the lower facing with the upper facing being
laminated on top subsequently. The whole assembly is co-cured and manufactured in one step. As the joint is inserted during the layup, no machining operation is required and both skins remain intact for the load transfer.
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Fewer processing steps are necessary for the fabrication of such joints and
the complexity is shifted towards the additive element. If necessary by design, a pocket for additional reinforcement layers can be included in the
additive corner element. This approach can be extended to construction
principles that are characterized by high geometrical complexity or which
require filler or potting material, including edge closures and transitions.
Corner joints with AM
a) Joints with load-oriented AM
corner element

b) AM corner core with
graded stiffness
Pocket for patch

Optimized
AM corner element

High stiffness/
material density

Core

Low stiffness
Conventional
core

Facings

AM corner
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Figure 4.16: Concepts for corners for sandwich structures using inserted structural AM elements.

This approach can be extended to construction principles that are characterized by high geometrical complexity or which require filler or potting
material, including edge closures, transitions and honeycomb close-outs
(Fig. 4.17).
a) Outward facing
channel

b) Z-closure

c) Inward facing
channel

d) Integral closures

Figure 4.17: Typical honeycomb structure close-outs [94] are difficult to manufacture and are of great potential for locally inserted AM elements.
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4.2.5

AM honeycombs with enhanced functionality

This section introduces two design concepts for AM honeycombs with
enhanced functionalities that address two issues with conventional honeycomb sandwich structures. The first aspect is telegraphing of co-cured
honeycomb sandwich structures (Fig. 4.18). Telegraphing or pillowing is
an undesired effect during the co-curing of sandwich structures where
the reinforcement facings deform within an individual cell as a result of
a too big cell size and if the applied processing pressure is too high [95].
The resulting out-of-plane deflection of the fibers may reduce the mechanical properties of the composite by as much as 30% [96] compared to a
bonded sandwich structure. The out-of-plane deflection especially reduces
the compression properties of the composite. On the tool side migration
effects can occur during the curing of honeycomb sandwich panels. Migration is a movement of the core or the prepreg from the desired position
and can lead to deflected core cells, delamination and porous facings (b).

a) Schematic telegraphing effect

b) Section showing core
and prepreg migration

Telegraphing on bag side
Facing
Core cells
Facing
Tool side
Area prone to porosity
and delaminations
Figure 4.18: Telegraphing effect in co-cured honeycomb structures. [94, 97].

This effect can be addressed with AM by integrating Anti-telegraphing
structures on top of the AM honeycomb cells (Fig. 4.19). In this example
the anti-telegraphing structure consists of three beams that are supported
in the center of the cell. The support structure is connected to the cell walls
in order to avoid a length that is critical for kinking. The anti-telegraphing
structure can be optimized for different processing pressure loadings and
cell sizes to minimize the deflection of the facings.
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AM honeycombs
30 mm

Detailed view

Anti-telegraphing
structure
Roof web
Support structure
Side walls

Figure 4.19: AM honeycombs with integrated anti-telegraphing structure and
roof webs for enhanced bonding to the face sheets.

The second aspect concerns the adhesive interface between the facings
and the cell walls. During curing the facings to the honeycomb core, an
adhesive or resin fillet is developed either from the excessive prepreg resin
of using an adhesive layer. The ideal fillet is equally large and thoroughly
wets the cell walls (Fig. 4.20). The degree of filleting is a major criteria for
the strength of the assembly [94]. Common adhesive filleting conditions
are shown in Fig. 4.19, with (1) being a desirable and (2-6) undesirable
adhesive fillets.

4.2 structural am elements in sandwiches and beams
Facing Adhesive
1

2

3

4

5

6

Cell
1. Equally large fillet that
thoroughly wet cell walls
2. Short core, no fillet
3. Underformed fillet

4. Adhesive runs down
cell walls
5. Uneven filleting
6. High core can lift
skin causing unbond

Figure 4.20: Examples of honeycomb core fillets [94]. Fillet no. 1 is ideal, equally
large and wetting throughout cell walls. A major difficulty in the
manufacturing of honeycomb sandwich panels is the inspection of
core-facing bonding.

In traditional honeycomb manufacturing techniques the core-facing bonding is influenced by the processing parameters and the materials. With additive manufacturing, the core-facing bonding can be influenced through
design. The vertical cell wall of the AM honeycomb is extended by a radius and a roof web enhancing the load transfer between the facing and
the core. The horizontal bonding surface area is increased and a lap-shear
loading condition is formed at the bonding interface, instead of a bending
type loading (Fig. 4.21). Moreover, a radius can be designed into the AM
honeycomb structure to reduce stress peaks.
a) Conventional
honeycomb fillet
Facing

b) AM honeycomb
with web and radius

Shear

Shear

Bonding
layer

Roof web
Cell
Section view

Cell

Radius

Section view

Figure 4.21: Conventional and AM honeycomb interface under shear loading.
The AM cell features a roof web and a radius enhancing the load
shear load transfer between the facing and the honeycomb. Moreover no adhesive is required.
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4.2.6

Integration of additional functionalities

The integration of additional functionalities into load bearing structures
promises significant weight and costs savings. In sandwich structures, additional functionalities can either be integrated into the reinforcement skins
or into the core. The integration of functions into sandwich cores using conventional manufacturing techniques yields in designs that are feasible only
with considerable effort. One advantageous characteristic of additive manufacturing technologies is that the production effort does not significantly
correlate with the part complexity. An increase in part complexity does
not yield an increased manufacturing effort. Therefore, AM is suitable for
the design of integrated structures. In sandwich cores, the functions are
created during the computer aided design phase and directly produced
using AM. The functionalities may broadly be classified into features supporting in the fabrication of the hybrid part and into features fulfilling a
defined function during the service operation of the part (Fig. 4.22).
Manufacturing

Layup & handling
aids
Positioning &
fixation elements
Structural curing
aids
Post-processing
aids

Operation
Structural

Functional

Tailored
mechanical
properties

Housing
Fixations

Load
introduction
elements

Pockets for
functional
elements

Pockets for
doublers and
local patches

Venting hoses
Cable ducts

See Chapter 6

Figure 4.22: Integrated functionalities for the processing and the operation of
multifunctional hybrid AM-FRP structures.

The freedom of design can be used for the integration of functions that
support fabrication of composite parts. Processing features include integrated positioning and fixation elements, layup and handling aids, manufacturing rails to name a few. Integrated processing features are covered in
detail in Chapter 6. Operation related functions are divided into structural
and functional features. Structural elements are load bearing and can con-

4.3 load introduction elements

sist of integrated local supports (in areas with relevant out-of-plane load),
load introduction elements, and tailored core structures (Fig. 4.4.23).
Tailored core properties
Local support
Load introduction
element
�1

�2

Figure 4.23: Concept for integrated structural features in an AM sandwich core.
The AM core properties are tailored to local loads; features include
integrated supports or pockets for the positioning of inserts.

Functional features include integrated housing and fixation points for
the attachment of components, devices or electronics. A variety of fixation
principles can be used such as snap fit joints, sliders, or screw connections.
Integrated pockets can be used to integrate functional layers during the
layup or in the post-cured part. Such functional layers can consist of mechanical reinforcement doublers or damping elements (e.g. particle damping). Further functionalities include hoses for venting the core structure
or air vents to cool internally located electric components. Finally cable
ducts and other elements such as adjustment mechanisms, hinges can be
integrated to form a truly multifunctional structure.
4.3

load introduction elements

This section introduces novel concepts for load introduction elements
based on additive manufacturing. Novel concepts include complex form
fits, load-oriented and lightweight designs, as well as the possibility to
reduce the part count through functional integration.
4.3.1

Complex form fits for positioning

The integration of a load introduction element into a sandwich structure
using conventional techniques involves a high number of steps, including
drilling through the facings, cleaning the pocket, applying potting resin,
positioning the insert and curing the potting mass. The combination of
AM structural cores with AM inserts enables novel designs for the integra-
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tion of load introduction elements in a co-curing process. Fig. 4.24 shows a
complex-shaped insert that is positioned and fixed on an AM core element
using complex form fits. The insert (blue) features two bore holes for the
attachment of components. The insert has two openings in which the core
element is placed. The shapes of the inner surface of the insert and the
outer surface of the core are similar, yielding a complex form fit. Moreover,
the outer surface area of the insert is maximized to provide a surface area
big enough for the co-curing of the facings and for providing sufficient
strength for the load transfer between the facings and the insert during
the operation of the component. The insert is designed for SLM and can
be produced without support structures from stainless steel powder material. Due to the complex form fit, this insert does not require additional
elements to be mounted on the main structure.
Load introduction element
with complex form fit and
two bore holes
Surface for the load transfer
into the facings (facings not
shown)
AM honeycomb core

Figure 4.24: Load introduction element positioned with a complex form fit on
two AM core segments. The load introduction element features two
bore holes for two attachments and is designed to transfer the load
into facings over a large surface area. The element is design for SLM
production without any support structures.

4.3 load introduction elements

4.3.2

Lightweight designs

In Fig. 4.25a wing-shaped insert for AM sandwich cores is shown. The
insert has a wing shape to have a clear positioning of the insert in the AM
core. The structural core features AM honeycombs, with a 2mm thick solid
contour around the pocket for the insert. The insert doesn’t require additional elements to be mounted. A solid steel version weighs 4.43g, however,
lightweight designs are possible and may reduce the weight by 64%. The
lightweight design is based on trusses yielding into arcs on top and at the
bottom of the inserts. The arcs provide a continuous transition from the
vertical to the horizontal plane, thereby eliminating the need for support
structures for such small inserts. The top and the bottom surface features
a honeycomb-inspired grid, reducing the surface area for co-curing the
insert to the facings.

Wing shape for clear
positioning

Solid design

Steel
4.43 g

Lightweight design

- 64%

Steel
1.58 g

Figure 4.25: Wing insert concept inserted into an AM honeycomb core (top) and
design embodiment with SLM in a solid and a lightweight version.
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4.3.3

Defined design features for positioning and fixation

AM allows defined functional features to be integrated into a load-bearing
structure. The design concept is described using the example of DZUS fasteners (Fig. 4.26). DZUS fasteners are quarter-turn fasteners that may be
mounted on a rail. The DZUS fastener can be engaged or released by turning a screw driver by a quarter-turn. The two main advantages of the DZUS
fastening system are visual feedback on the current state (horizontal or vertical slit) as well as the quick engaging/releasing. The fastener system is
used in aerospace applications, e.g. for the attachments of hardware components. The DZUS fastener is engaged on a metal wire that pressed into a
rail. The bore holes on the rail are used to mount the rail on the structural
component [98].

DZUS rail with wire

DZUS fastener
Figure 4.26: State-of-the Art DZUS fastener system [98].

As many load introduction elements, the DZUS fastening system is standardized. In total, a higher number of parts is necessary to mount the
system, including the fastener, the rail, the wire, and rivets to mount the
wire on the main structure. Moreover, the rail is only available only in
a few variations, leading to a number of bore holes that remain unused.
With AM, it is possible to design for the essential functionality. Fig. 4.27
shows a redesign of the DZUS fastening rail. In this design, the rail is reduced to a load introduction element with only one bore hole. The metal
wire is integrated into the AM part. Instead of using rivets to mount the
element, a novel positioning is integrated into the AM core. The positioning of the element is executed using an integrated snap-fit joint (b) and a
positioning guide. Thus, no tools and no additional drilling operations are

4.3 load introduction elements

required. Moreover, the part count is reduced. In this example, the element
is produced with SLM from stainless steel.
a) AM fastening system based on DZUS
AM DZUS fastener
with integrated wire

b) Section view showing the integrated
positioning in the AM core
Positioning guide
Fixation with
integrated snap fit

c) DZUS fasteners produced with SLM from
stainless steel

Figure 4.27: AM fastening system based on DZUS.

4.3.4

Local insert reinforcement

The possibility to realize complex form fits with AM can also be used
to potentially enhance the load-bearing performance of the insert during
the operation of the part. Local reinforcement elements may include local
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tapers, webs, and stiffeners. They are defined design features and are integrated into the load introduction element to locally enhance the mechanical performance for a defined load case. In Fig. 4.28 an AM inserts with
integrated form-fit ribs is shown. The insert is integrated into a AM-CFRP
hybrid sandwich structure and features two bore holes for the attachment
of instruments. During the operation a lateral force acts on the insert (a).
The ribs are therefore oriented perpendicular to the load vector and provide an additional resistance by form-fit compared to an insert without
ribs. In this case the insert is positioned using the surfaces in the pocket
(yellow) that is integrated into the AM core (b). The insert is produced with
SLM without requiring supports. The bore holes are machined to provide
the required tolerances for the attachment of the instrument.

4.3 load introduction elements

a) AM insert with integrated form-fit ribs
Bore holes
����

����

Ribs for additional
form fit to increase
lateral strength

b) Positioning concept

Positioning
surfaces integrated
in the AM core
c) Stainless steel insert produced with SLM

Figure 4.28: AM insert with ribs to provide additional lateral strength (a). The
insert is positioned in the AM core using defined positioning surfaces (b) and is produced with SLM from stainles steel (c).

4.3.5

Mechanical interlock with laminate

Load introduction elements may be inserted between the plies in a laminate. They often are designed with a flat shaped bottom surface. In the
case of torsion loading, the load-bearing capacity is determined by the inplane shear strength of the excessive prepreg resin or the bonding layer
(See Section 2.4). Novel insert concepts use a change of paradigm, using a
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form-fit instead of a traction fit to bear the torsion load. Moreover, a mechanical interlock between the reinforcement plies and the insert can be
achieved. Fig. 4.29 shows an AM insert concept with a mechanical interlock. The insert features an outer ring around the bore hole to stabilize the
radial elements during torsion loading. The spaces in between are intentional, as the upper and the lower reinforcement plies are in contact and
form a monolithic structure (b). The webs are tapered towards the side
to minimize resin-rich or porous areas. In the case of torsion loading, the
load is transferred through the load introduction element into the laminate.
The torsion induces shear stresses in the laminate which may partly be absorbed by the mechanical interlock of the radial webs to the reinforcement.
The insert was produced from stainless steel, without support structures
using SLM (c). It should be noted, that the spaces should have a size big
enough for easy compaction of the plies during lamination.

4.3 load introduction elements

a) AM insert with form fit to the laminate
Torsion loading
Radial web
Ring

A
A

Spaces for ply contact
b) Section view: A-A
Laminate fully
encloses the insert
Laminate

Tapered insert
towards the side

c) Stainless steel insert produced with SLM

Figure 4.29: AM insert with form fit between upper and lower plies for enhanced rotational strength.
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4.4

summary

This chapter addressed research question 1:
RQ 1: Which novel design concepts arise from the combination of
strengths?
A series of novel design concepts for the combination AM with FRP
were presented and may broadly be divided into:
• AM tooling for composite part production
• Structural and functional AM elements for hybrid sandwich structures and beams, and
• Load introduction elements.
The main advantage of AM is the freedom of design which has two significant consequences for AM-FRP structures. First, AM allows complex
shapes to be created. This characteristic enables the design of novel AM
washout-tooling strategies for complex-shaped composite parts. Moreover,
load-oriented elements with tailored mechanical properties such as structural AM core elements and AM inserts, may lead to lighter and better
designs. Second, AM allows defined design features to be created and integrated. These defined design features contribute to the functional (e.g.
positioning with snap-fit, form-fit) and mechanical (e.g. form fit, pockets
for doublers) performance of the hybrid part. Both advantages – complex
shapes and the integration of defined design features – contribute to the
processing and the mechanical performance of the hybrid part. Chapter 6
further investigates major design principles for the processing of hybrid
parts, while Chapter 7 investigates the performance of AM-CFRP hybrid
structures based on the novel tooling strategies presented. The design concepts are applied to structural components in Chapter 8.

C H A R A C T E R I Z AT I O N O F A M P O LY M E R S F O R F R P
PROCESSING

5

This chapter addresses the most relevant challenge identified in Chapter
2 and addresses research question 2:
RQ 2: What are fundamental processing challenges?
The fundamental challenge for the processing of thermoplastic materials in a thermoset FRP layup process is the curing step: Typically heat
is supplied to cure the resin until cross-linking is completed. Consolidation pressures remove entrapped air and suppress void formation. In this
stage, the investigation of material properties is crucial to the successful
manufacturing of polymeric AM parts subjected to heat and pressure loading. An engineering approach for the thermo-mechanical characterization
of polymeric materials made by SLS and FDM is presented. Static tensile
and three-point bending (3PB) creep tests are performed for three commercially available materials at different building orientations to assess tensile
Young’s modulus, tensile yield strength, and the flexural creep modulus.
Material properties are then validated on an additive manufactured honeycomb core element loaded with autoclave pressure. Optimal processing
pressures and temperatures for a given deflection are identified. This study
should provide comprehensive material data to engineers and scientists for
the design of lightweight structures with the investigated AM materials
combined with FRPs.
This chapter is based on the journal publication "Mechanical characterization of 3D printed polymers for fiber reinforced polymers processing”,
Materials & Design, vol. 118, 2017, pp. 256-265.
5.1
5.1.1

materials and methods
Specimen preparation

In this study, the following three materials are investigated for different
building orientations in tensile and flexural creep tests:
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1. Acrylonitrile butadiene styrene (ABS) is a carbon chain co-polymer
and belongs to the styrene terpolymer chemical family [99]. ABSplusP430 [100] by Stratasys is a widely used, low-cost, thermoplastics
material for FDM with good mechanical strength used in rapid prototyping. The ABS specimens are built on a Stratasys Dimension Elite
machine with 0.254 mm thick layers in an upright and on-edge direction (Fig.5.1).
2. Polyamide 12 (PA12) is the most common powder material used in
SLS as it exhibits comparatively good mechanical properties at room
temperature, has a moderate price, and offers the possibility to produce very complex geometries without any supports [14]. In this
study, DuraForm PA Plastic (PA12) specimens by 3D Systems [41]
are produced in an upright and on-edge building direction on a DTM
Sinterstation 2500plus (Table 5.1).
3. The third material studied in this research is DuraForm HST Composite (HST) by 3D Systems [40]. This compound is a dry blend based
on PA12 powder with a filler content of 25 wt% of wollastonit fibers.
These naturally occurring mineral fibers have dimensions that are
close to those of the powder particles (20 – 80 µm) and show a good
adhesion to PA12 [101]. The fibers act as reinforcements and should
increase mechanical and thermal properties making the material interesting for applications with FRP. Specimens are manufactured by
SLS on a DTM Sinterstation 2500plus. Specimens are built in an upright and flat building direction to consider the reinforcement effect
of the filler material in the building plane. Table 5.2 shows the test
plan for tensile and three-point bending creep tests, including materials, orientations and temperatures. Five specimens are tested for
every configuration.

5.1 materials and methods
(a)

(b)

(c)

20

upright
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80
170

z

10
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y

x
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on-edge
4

flat

t=4

t=4

Figure 5.1: Building orientations (a), tensile (b) and three-point-bending (c) specimen geometry.

Material

Part bed

Laser power

Scan speed

Hatch distance

(°C)

(W)

(m/s)

(mm)

PA12

175

38

10

0.25

HST

170

48

10

0.24

temperature

Table 5.1: Machine specifications for the DTM Sinterstation 2500plus

AM technology
FDM
(Dimension Elite)
SLS (DTM Sinterstation 2500plus)
SLS (DTM Sinterstation 2500plus)

Materials &

Temperature (°C)

building orientations
ABSplus P430
DF PA Plastic (PA12)
DF HST Composite

24

50

70

80

90

100

110

on-edge

5

5

5

5

5

upright

5

5

5

5

5

on-edge

5

5

5

5

5

upright

5

5

5

5

5

flat

5

5

5

5

upright

5

5

5

5

5

5

5

5

5

5

Table 5.2: Test plan, including AM technology, material, building orientation,
testing temperature and number of specimens.

5.1.2

Tensile tests

The tensile properties of the AM plastics were determined through tensile tests in accordance with DIN EN ISO 527 [102] on a Zwick Roell
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ZMart.Pro testing machine. The dog-bone tensile test geometry is shown
in Fig. 5.1b. The specimens are heated up to the testing temperature. The
temperature is controlled with one thermometer on the specimen and one
in the heating chamber. Extensometers are used to measure strain and the
testing speed is 1 mm / min. The tensile Young´s modulus Et in MPa is
calculated from the slope of the stress-strain curve with the stresses s1 and
s2 that are measured at strains # 1 = 0.05% and # 2 = 0.25% according to
the following formula:
Et =

s2
#2

s1
#1

(5.1)

The ultimate tensile strength su in MPa is used for brittle material types
and is defined as the first stress maximum during the tensile test: su =
1 . The yield strength s in MPa is used for ductile materials and it is
smax
y
defined as the stress where the plastic strain reaches 0.2%.
5.1.3

Three-point bending (3PB) creep tests

The flexural creep properties of the materials are determined through
3-point-bending (3PB) creep tests in accordance with DIN EN ISO 8992 [103]. The flexural creep modulus is determined for a creep time of 180
min, corresponding to a typical autoclave curing cycle of thermoset FRPs.
The geometry of the specimen is displayed in Fig. 5.1c, while the 3PB test
set-up carrying five specimens is shown in Fig 5.2. Supports with a radius
of 5 mm each are placed at a distance of 64 mm. Positioning aids ensure
the correct placement of the specimen on the test stand. Strain gauges
with temperature compensation for polymers are centrally applied in a
longitudinal direction on the lower side of the specimen. The National
Instruments NI9235 quarter-bridge strain gauge module and the software
environment LabVIEW are used for the data acquisition.

5.1 materials and methods

Oven

Detailed view of sample
T

strain gauge

Weight: 316g
Positioning
aid

NI9235
Sample
Support
radii: 5mm

LabVIEW

Quarter-bridge
strain gauge
module

Figure 5.2: Three-point bending test set-up.

Fig. 5.3 shows the measurement procedure. The test stand is placed in
an oven and is heated until the testing temperature is reached. When the
strain rate converges towards zero, the specimens do not further thermally
extend. Then, a load of 3.16 N is applied on each specimen, apparent
through a discontinuity in the strain measurement. This is the starting
point of the creep modulus measurement. Strain induced by initial offset,
heating, and thermal expansions are compensated in the calculation. Strain
is measured every 10 seconds. A drift analysis of the strain gauges was conducted, and as no relevant drift could be observed, no specific actions were
taken.
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Figure 5.3: Strain measurement (a), data fitting with Maxwell-Wiechert model
(b).

The flexural creep modulus Ec,ti at the time ti is calculated in accordance
with the DIN EN ISO 899-2 standard as follows:
Ec,ti =

3lF
2bh3 # t

(5.2)

with F being the applied load in Newton, l the distance of the supports in
mm, b the width in mm, h the height in mm and # c,ti the strain at the time ti
in seconds. Raw measurement data are fitted using the Maxwell-Wiechert
(MW) model to take into account the visco-elastic material response of
polymers. It consists of a spring with the stiffness k and an arbitrary number of spring-dampers connected in parallel [104]. The exponential Prony
series is a closed mathematical form of the Maxwell-Wiechert model and
its generalized form is [105]:
n

E(t) = E• + Â Ei e

t/ti

(5.3)

i =1

In this study, two elements n=2 are used, which simplifies Eq. (5.3) as
follows:
E(t) = E• + E1 e

t/t1

+ E2 e

t/t2

(5.4)

5.1 materials and methods

with E• , E1 , E2 , being the flexural creep modulus at 180, t1 and t2 minutes. At 180 min, the second and the third term of Eq. (5.4) are close to
zero.
5.1.4

Approach for the p-T relation of an AM honeycomb

The material data generated by tensile and 3PB creep tests are applied
to a sample AM geometry with the goal to identify the optimal pressure
and temperature for the processing of polymeric AM elements with FRP.
The design consists of a novel AM honeycomb core of a sandwich structure. The core is processed in a layup technique typically used for the lowvolume production of high-performance FRP parts [106]. It is laid down
on the bottom facings and covered with the top facings to form a hybrid
AM-FRP sandwich structure. The design criteria for this application are
derived from telegraphing, which is an undesired effect in the manufacturing of sandwich structures (c.f. Section 4.2.5). The facings deform within
an individual cell if the cell size is too large and if the applied processing pressure is too high. The resulting out-of-plane deflection of the fibers
reduces the in-plane compression strength of the sandwich structure [95].
Therefore, a small out-of-plane deflection of maximum 0.1 mm is targeted,
where the influence on the mechanics of the part is negligible while an
adequate surface appearance is maintained.
Pressure
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t = 0.05 mm
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Figure 5.4: Additive honeycomb with anti-telegraphing structure, top/bottom
webs for increased adhesion surface to facings.
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Fig. 5.4 shows a section view of the AM honeycomb featuring a hollow column in the middle and cross-like webs to minimize telegraphing.
Here, the excessive resin of preimpregnated (prepreg) fiber reinforcements
is used to co-cure the core with the facings. During curing, the autoclave
pressure is distributed over the vacuum bag and introduced into the cell,
resulting in a downwards bending load type of the webs. A finite element model (FEM) is built in ABAQUS. In the model the center cell is
surrounded by six adjacent cells to ensure realistic boundary conditions
on the walls. The cells are fully constrained at the bottom and a vacuum
bag with a thickness of 0.05 mm and a Young’s modulus of 1 MPa is modeled on top of the cells. The out-of-plane displacements of the webs of the
center cell were evaluated numerically and experimentally for HST by SLS
processed at 100 °C. The honeycomb is a three-dimensional structure that
was additively manufactured in the x-y plane. The webs (in orange, Fig.5.4)
are oriented in the x-y plane, whereas the walls and the column of the cell
(in blue) are oriented in the upright building direction. Therefore, upright
and flat properties of the flexural creep modulus were assigned to the cell
in the FEM model. A Poisson ratio of 0.39 was used in the simulation.
Experimental verification includes the production of two specimens with
approximately 50 cells. Vacuum bagging is applied and the specimens are
further processed in an autoclave. To verify the model approach the specimens are processed without FRP facings The specimens are heated at a
rate of 1 °C / min up to 100 °C, then held for 120 min and cooled down
to room temperature at a rate of 1 °C / min. A total pressure of 2.3 bar,
consisting of a 0.9 bar vacuum and a 1.4 bar autoclave pressure, is applied
on Specimen 1. Likewise, a total pressure of 4 bar is applied on Specimen
2. The displacements are measured on the anti-telegraphing webs with a
Käfer M10 d precision dial gauge, displayed in Fig. 5.5.

5.2 results and discussion

Käfer M10d
precision
dial gauge

Contact point
Web

Sample
Measuring concept

Detail view

Figure 5.5: Measuring device for the measurement of the out-of-plane displacement of the AM honeycomb web.

5.2

results and discussion

Characteristic material properties, namely the Young´s modulus, the tensile strength, and the flexural creep modulus including standard deviations
are summarized in Appendix A.1. All material values are averages of five
specimens.
5.2.1

Tensile stress-strain response

Fig. 5.6 shows the stress-strain response of ABSplus-P430 (ABS) for temperatures up to 90 °C for the on-edge (x) and upright (z) building directions. ABS exhibits a brittle material behavior when built upright with elongations at break remaining below 1%. When built on-edge, ABS is ductile
and yield strains of around 1.5% are recorded. This is comparable to the
information provided by the material supplier. Fig. 5.7 shows the tensile
Young´s modulus with the temperature. At 90 °C ABS exhibits 75% of the
ABS X
tensile Young’s modulus amounting to Et,90
= 1632 MPa compared to
ABS X
Et,RT
= 2187 MPa at room temperature when produced on-edge. For
an upright building direction, the tensile Young’s modulus amounts to
ABS Z
ABS Z
Et,90
= 1574 MPa or 76% at 90 °C compared to Et,RT
= 2060 MPa at
room temperature. Standard deviation is below 10%. The variation of the
tensile strength is shown in Fig. 5.8 The results show a significant decrease
of tensile strength for ABS as the temperature increases. The average tenABS X
ABS X
sile strength decreases from st,RT
= 32.8 MPa to st,90
= 18.3 MPa
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at 90 °C, corresponding to a remaining strength of 56%. The drop is not
as significant for the upright building direction; however, ultimate tensile
ABS Z
ABS Z
strengths only amount to st,RT
= 14.8 MPa at 24 °C and st,90
=
10.2 MPa at 90 °C, which corresponds to 69% of the initial value. ABS exhibits a significant anisotropic stress-strain response that remains distinct
at elevated temperatures, mainly in terms of strength.
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Figure 5.6: Representative stress-strain diagram for selected samples of
ABSplus-P430.

5.2 results and discussion

Figure 5.7: Variation of the tensile modulus with temperature. Experimental
data points and trendline.

Figure 5.8: Variation of the tensile strength with temperature. Experimental data
points and trendline.
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Fig. 5.9 shows a representative stress-strain response of selected specimens of PA12. The stress-strain progression appears similar for both building orientations. With increasing temperature, the mechanical response
flattens, the material yields lower stresses, and elongation increases. The
influence of the temperature on the tensile stiffness and strength is signifPA12 X
icant: At 90 °C the Young´s modulus drops to Et,90
= 460 MPa or 26%
PA12 X
for on-edge specimens compared to Et,RT
= 1760 MPa at 24 °C. For
PA12 Z
upright builds, a decrease to Et,90
= 464 MPa or 27% was measured at
PA12 Z
90 °C compared to Et,RT
= 1725 MPa (Fig. 5.7). Tensile yield strength

PA12 X
PA12 X
drops to st,90
= 8.1 MPa or 25% at 90 °C compared to st,RT
=
33.0 MPa at 24 °C for on-edge specimens. A similar value is found for the
upright printing orientation, where the tensile yield strength amounts to
PA12 Z
PA12 Z
st,90
= 11.6 MPa or 34% at 90 °C compared to st,RT
= 33.7 MPa at
24 °C. Anisotropy is not very distinct for the measured properties, hence
under these conditions, PA12 could be considered as an isotropic material
to facilitate design.
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Figure 5.9: Representative stress-strain diagram for selected specimen of DuraForm PA Plastic (PA12).

For DuraForm HST Composite (HST) a significant dependency of the
mechanical properties on the building orientation is observed. Fig. 5.10

5.2 results and discussion

shows that yielding is more pronounced when built in-plane (y) and for
elevated temperatures. The anisotropic material behavior is reflected in
both tensile stiffness and yield strength: HST exhibits the highest Young´s
modulus at 24 °C for the in-plane (y) building orientation amounting to
HST Y
HST Y
Et,RT
= 3628 MPa and a decrease to Et,110
= 1024 MPa or 28% is
observed at 110 °C. When built upright, the Young´s modulus amounts to
HST Z
HST Z
Et,RT
= 1866 MPa at 24 °C and Et,110
= 558 MPa or 30% at 110 °C

HST
(Fig. 5.7. The tensile yield strength amounts to st,RT

Y

= 39.6 MPa at 24
°C for the in-plane orientation and decreases to
= 9.7 MPa or 25%
at 110 °C. For the upright building direction, the yield strength drops from
HST Z
HST Z
st,RT
= 25.9 MPa to st,110
= 8.0 MPa or 31% (Fig. 5.8).
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Figure 5.10: Representative stress-strain diagram for selected specimen of DuraForm HST Composite.

5.2.2

Flexural creep modulus

Fig. 5.11 shows the flexural creep modulus Ec over the temperature at a
creep time of 180 min. Common to all materials is a decrease of the value
of Ec with elevated temperatures. At 90 °C, ABS exhibits 37% and 33% of
ABS X
ABS Z
its flexural stiffness amounting to Ec,90
= 1013 MPa and Ec,90
=
ABS X
ABS Z
737 MPa compared to Ec,RT
= 2713 MPa and Ec,RT
= 2233 MPa
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at 24 °C for on-edge and upright building orientation, respectively. For
PA12 X
PA12, it drops to Ec,90
= 348 MPa or 22% at 90 °C when produced
PA12 X
PA12 Z
on-edge, compared to Ec,RT
= 1584 MPa at 24 °C,Ec,90
= 440 MPa
PA12
or 28% compared to Ec,RT

Z

= 1579 MPa when built upright, respectively.
HST Y
HST exhibits the highest flexural creep modulus amounting to Ec,RT
=
HST Y
3592 MPa when built in-plane and dropping to Ec,110
= 652 MPa or
18% at 110 °C. A similar decrease is found when built upright, where
HST Z
HST Z
Ec,RT
= 1780 MPa at 24 °C and Ec,110
= 314 MPa or 18% at 110 °C.

Figure 5.11: Variation of the flexural creep modulus with temperature. Experimental data points and trendline.

5.2.3

Pressure-temperature relation for an AM honeycomb

The results for the approach for the pressure-temperature (p-T) relation
of an AM honeycomb proposed in Section 5.1.4 are presented. Figure 5.12
shows the displacement-pressure (d-p) relation for the specific geometry
for different materials. Clearly, the pressure loads relate proportionally to
the resulting displacements: u = a ⇤ p with a being the slope in the d-p
diagram. For HST, at 100 °C the proportionality factor amounts to a=0.0442,
0.1
resulting in a pressure of plim = ua = 0.0442
= 2.26 bar for a displacement
of 0.1 mm.

5.2 results and discussion
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Figure 5.12: Displacement-pressure relation of the AM honeycomb cell for different temperatures and materials.

Figure 5.13 shows the processing recommendations for the AM honeycomb cell. The curves represent pressure-temperature conditions for ABSx, PA12-z and HST-y resulting in a displacement of the webs of 0.1 mm.
Pressures and temperatures below or above the iso-displacement curves
lead to smaller or greater displacements, respectively.
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Figure 5.13: Processing recommendations for an AM honeycomb with a maximum displacement of 0.1 mm.

Two specimens were experimentally tested. Specimen 1 was manufactured at a pressure of 2.26 bar and Specimen 2 at 4 bar, with a temperature
of 100 °C for both. Simulations show a total displacement of 0.0996 mm
for Specimen 1 (Fig. 5.14) compared to experimentally measured values
between 0.07 and 0.09 mm with an average of 0.08 mm, being slightly
below the design objective of 0.1 mm. Specimen 2 shows a numerical displacement of 0,18 mm compared to experimental values between 0.18 and
0.20 mm with an average of 0.19 mm, thereby slightly exceeding the design
objective of 0.18 mm. The results are summarized in Table 5.3. Simulations
reveal that two types of mechanical loadings deform the center cell under
external pressure. A downward compression of the cell walls amounting
to approximately 0.02 mm is observed for Specimen 1. It is superimposed
with a downward bending deflection of approximately 0.976 mm in the
web. That means, the compression of the cell walls is small compared to
the bending-deflection.

5.3 discussion
Max. displacement
0.0996 mm

Figure 5.14: Numerical displacement of the HST honeycomb cells at p = 2.26 bar
and T = 100 °C. Maximum displacement at the web of the center
cell.

p

T

usim

uexp

D

(bar)

(°C)

(mm)

(mm)

(mm)

2.3

100

0.1

0.08

0.02

4

100

0.18

0.19

0.01

Table 5.3: Numerical and experimental deflections of the web.

5.3

discussion

The experimental results show that the mechanical properties of the investigates materials decrease with increasing temperature; however, the
decrease is more accentuated for powder materials based on PA12 compared to ABS. This is attributed to the chemical composition of PA12 and
its glass transition temperature of around 35 °C to 55 °C. The mineral
fiber reinforcements drastically increase the in-plane properties at room
temperature compared to pure PA12, but the reinforcing effect becomes
less significant as the temperature increases. Material results are comparable with literature where available: For PA12, previous studies report
similar results for Et at 24 °C [107] and for the storage modulus decreasing
from 1900 MPa at 24 °C to approximately 400 – 500 MPa at 90 °C using
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DMTA [108]. For ABSplus-P430, data is available at 24 °C, and basic properties correlate well [109]. The anisotropic stress-strain response of ABS
results from the orientation of the extrusion during the FDM process. The
current commercialized materials do not fully satisfy the requirements for
end-use purpose. New materials should exhibit excellent strength and stiffness properties that ideally remain stable at temperatures up to 180 °C for a
prolonged period of time of about 180 min. PEI and PEEK may be desirable
materials; however, the processing of PEEK is challenging. For SLS processing of PEEK, irregular powder grains have disadvantageous effect on flow
ability and porosity [110]. High melting temperatures of about 350 °C require modifications on the system for SLS and FDM. PEI-based materials,
also known under the brand name ULTEM, processed by FDM exhibit desirable properties. However, processing costs are high, accessibility is still
limited, and residual stresses may lead to the distortion of parts. Furthermore, design freedom with FDM is limited, as support structures for overhangs are required and additional process steps are required to remove
the support material. A linear model was used to assess the displacementpressure relation of the AM honeycomb. The assumption of linearization
is valid for structures where deformations are considered to be small. For
laterally loaded plates linear bending theory is valid for fixed-end beams,
if the deflections u are small in comparison to the beam thickness h, such
as: uh  0.5 [111]. In this study, a web with a height of 0.4 mm is used, leading to an allowable deflection of ulim,lin = 0.2mm. For HST, the deflection
limit for the honeycomb web processed at 100 °C is reached at pressures
u
of plim,lin = lim,lin
⇡ 4.53 bar. This is the pressure limiting the presented
a
approach for the selected geometry, material and processing temperature.
The proportionality factor a describes a superposition of two mechanical
load types being compression and bending considering the anisotropy of
AM polymeric materials. In this model the effect of creep was only considered in the flexural material properties as the influence of bending is
more significant than compression. The investigation in tensile creep properties could provide material data for the consideration of the compression loading in the model. The extension of the material characterization
to further building orientations would provide valuable information to the
design of more complex AM geometries. In this study, the honeycomb consists of horizontal (webs) and vertical (walls) elements. However, thermomechanical properties at various building angles should be investigated to
fully benefit from the design freedom of AM. In the model approach, a
constant temperature is assumed in the component. However, during the

5.4 summary

curing of FRP, heat transfer mechanisms and the exothermic reaction of the
epoxy resin may lead to thermal gradients within the part. During solidification, the resin exhibits a viscous liquid behavior until gelation. From
that moment onwards, a modulus can be detected and the laminate is loadbearing taking a part of the pressure load from the AM honeycomb [112].
In this study, the loadbearing effect of fiber layup from the gelation point
onwards, was not considered, providing more conservative results. In future, the model approach could be extended to the consideration of the
fiber reinforcements. In this way, the effect of the out-of-plane undulations
of the FRP on the compressive strength of the composite part could be
related to the processing conditions.
5.4

summary

In this chapter an approach for the characterization of AM thermoplastic
materials for FRP layup processes was presented. It addressed the second
research question:
RQ 2: What are fundamental processing challenges?
The curing stage is a crucial challenge in the processing of AM-FRP
components in layup processes as material properties and a suitable approach for their characterization under FRP processing conditions were
not available at the time of this research. Therefore, the mechanical properties, namely the Young’s modulus, the tensile yield strength, and the
flexural creep modulus of three AM polymeric materials made by SLS
and FDM were characterized at elevated temperatures through tensile and
three-point bending creep tests. The Young’s modulus, the yield strength
and the flexural creep modulus decreased for all tested materials. The
depletion is more accentuated for powder-materials based on PA12 compared to ABS. Significant anisotropic behavior is found for ABS in terms
of strength and flexural creep and for HST for all properties investigated
in this study. With the aim to process AM materials in combination with
FRP, an approach for the identification of optimal pressures and temperatures is presented. The approach is based on a linear relation between the
displacement and the applied pressure. For a given displacement, the maximum processing pressure decreases as the temperature increases. This
behavior reflects well the temperature dependency of the flexural creep
modulus. Pressure-temperature recommendations correlate well with simulations and experiments for an AM honeycomb made with HST and processed in an autoclave at 100 °C and pressures of 2.26 bar and 4 bar. For
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this example, the limitations of the linear approach are found to be at
deflections of 0.2 mm or 4.53 bar. The material properties investigated in
this chapter are of fundamental importance for the successful design of
any AM element that is processed in a FRP layup process including AM
tooling or structural core elements for hybrid sandwiches.

DESIGN FOR PROCESSING

6

In Chapter 4, the possibility to integrate additional functionalities into
AM structures was highlighted. In this chapter, this design possibility is applied in the context of composite part production. Four design principles
that improve the production of composite parts during layup, handling,
curing and post-processing in the layup process are introduced. This chapter addresses the research question 3:
RQ 3: How can AM support the fabrication of composite structures?
This chapter is based on the conference publication “Composites Part
Production with Additive Manufacturing Technologies”, 1st Cirp Conference on Composite Materials and Parts Manufacturing”, Procedia CIRP, vol.
66, 2017, pp. 306-311.
The design principles are based on two fundamental characteristics of
additive manufacturing: The first one is the possibility to design very complex geometries, often referred to as complexity for free. From this follows
the second advantage, that is the integration of various functions into one
single part.
6.1

positioning and fixation elements (pre-assembly)

In the manufacturing of composite parts reinforcement plies, inserts for
load introductions, attachment points or structural cores are subsequently
added to form the part. The positioning and fixation of such elements is
crucial to meet design tolerances for the attachment of further components
(e.g. instruments) or the integration of the part in a superior assembly. In
honeycomb sandwich structures the positioning and fixation of inserts is
effortful and requires many process steps (Fig. 6.1a). The installation of a
fastener into a conventionally finished honeycomb sandwich structure requires the following steps: First, a hole is drilled into the honeycomb, then
a potting resin is applied. The insert is placed in the hole and a temporary
tab is used to hold and fix the fastener during the curing process. Especially
the positioning of an insert in a soft honeycomb core is challenging [95].
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Figure 6.1: Traditional (a) and AM (b) technique for the integration of an insert
into a sandwich structure.

With AM, the positioning of such an insert can be conducted before
or during the layup sequence (Fig. 6.1b). In this technique, the individual AM elements (e.g. core segments) and inserts are manufactured. In
the next step, the AM elements are pre-assembled to a hybrid core-insert
structure, which is placed on the bottom facings of the sandwich structure.
The top facings are laid down on the pre-assembled core to form a hybrid
CFRP-AM sandwich assembly. The assembly is vacuum bagged and cured.
Finally, drilling operation may be conducted to locally remove the facings
to provide access to the insert. The advantage of AM is the possibility to
directly integrate positioning and fixation elements into the additive core
or tooling structure. Design embodiments of such elements are shown in
Fig. 6.2 and may broadly be divided into:
• Connection elements: snap fit, puzzle joints, etc.
• Positioning elements: pockets with form fits, spacing elements (e.g.
defined bonding gaps)
The integration of such elements potentially reduces the number of assembly steps and thereby the assembly time. In sandwich structures, this
allows for a quick pre-assembly of structural elements including AM core
elements and inserts (e.g. AM cores, inserts) before going on to the layup
of the facings. AM tooling could include such elements for the positioning
and fixation of conventional honeycombs and inserts. However, a few considerations must be accounted for: On one hand, tolerances are crucial in
the design of AM positioning elements. For AM, dimensional tolerances

6.2 layup and handling aids (layup & demoulding)

vary depending on the process and the building orientation. Due to the
mechanical anisotropy of AM [113], material and building orientation of
load bearing connection elements such as snap fit joints should be considered [114].

Figure 6.2: Examples of layup, handling, positioning and fixation aids.

6.2

layup and handling aids (layup & demoulding)

Layup processes are very labor intensive and labor costs are 50 to 100
times greater than for high volume processes. However, the process offers
great flexibility and complex shapes with high fiber volume fractions can
be produced. Monolithic laminates with various fiber materials and orientations, as well as sandwich constructions with foam or honeycomb cores
are possible. The prepreg layup process is considered to be a robust manufacturing route for the production of high performance parts, which is
why it is very common in the aerospace and sports industry. During the
layup process, a number of prepreg plies are laid in a dictated sequence
and orientation on top of an one-side mold. Common errors during layup
are mistakes in the ply sequence and fiber orientation. Common defects
are folds, wrinkles, fiber misalignments and shear deformation in the layer
that occur as a result of draping plies in tight radii or on double curved
surfaces. There is a high number of possibilities to drape woven reinforcements over a 3D geometry and the fiber directions are significantly different giving different mechanical responses [115]. Additive Manufacturing
allows to integrate layup and handling aids into the tooling to assist the
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operator in labor-intensive steps, such as the ply layup or demolding. AM
layup and handling aids may be classified into:
• Layup reference
• Manufacturing rail
• Numbering / labelling
• Integrated layup tooling
In this context, a layup reference (Fig. 6.3) is a set of integrated edges
or pockets with form fits that define the starting points and the development of the draping step across the tool to minimize fiber misalignment.
It should assist the operator when laying down a reinforcement ply where
it is necessary to ensure that the actual and the desired layup correspond.
The manufacturing rail (Fig.6.2) is a tool that allows for near net-shape
fabrication of composite parts and compensates a laminate offset for complex parts. After curing, the rail is machined away to give the part its final
shape. It also structurally supports the layup at the edges during curing
and consolidation. Numbering or labelling (Fig.6.2) is an easy way to define or to refer to a sequence by directly placing the information on the
tool/core and thereby minimizing possible assembly errors. Finally, the
layup process offers the possibility to integrate layup tooling made by AM
that support the operator in laminating complex-shaped areas such as tight
curvatures and radii. The design engineer should consider that the geometrical complexity of AM elements should remain within the possibilities to
drape the semi-finished FRP product. As a rule of thumb, radii should not
be smaller than 5 mm for easy lamination of complex geometries.

6.3 structural curing aids

a) Defined bonding gap

c ) Core saver and
anti-telegraphing structure

b) Layup reference

d) Support structure for processing with
honeycombs oriented normal to pressure
laod

Core saver

Figure 6.3: Examples of processing aids for the layup, the handling and the curing of AM-FRP structures.

6.3

structural curing aids

In the curing stage, typically pressures ranging from 1 up to 10 bar and
temperatures ranging from 24 °C - 180 °C are applied over time to consolidate and cure the composite layup. The cure cycle depends on the application, the resin material, the thickness and the geometry of the part. In the
combined approach the AM elements should withstand these processing
conditions without showing severe deformations, collapse or undesired
surface effects such as telegraphing. With AM, structural curing aids can
be integrated to support the hybrid layup during the curing stage. Structural curing aids are oriented support structures, designed to absorb the
processing loads and to keep the reinforcements from deforming. In this
research the following types of structural curing aids are proposed:
• Oriented support structures
• Temporary support structures (core saver)
• Anti-telegraphing structure
The first consists of structures with oriented mechanical properties that
are opposed to the direction of the processing pressure vector. The processing pressure acts normal to the surface of the part which is why the support structures should exhibit strong properties normal to the outer part
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surface. The second type consists of integrated temporary support structures that are removed after curing. They should be selectively added to
the design in areas where the structure necessities additional support during processing. Fig. 6.4 shows the example of a core saver, which is a wall
that is integrated into the core design. The processing simulation shows
that the deformations caused by the processing pressure are significantly
reduced at a pressure loading of 2.5 bar from 0.15 to 0.087 mm. The third
type are anti-telegraphing structures. Telegraphing is an undesired effect
in curing sandwich structures, where the reinforcements deform within
an individual cell as a result of a too big cell size and applied pressure.
The resulting out-of-plane deflection of the fibers reduces the compression
strength of the composite. With AM anti-telegraphing structures such as
crosses or grids can be generated to support the layup during the processing. While oriented support structures keep the global shape from deforming, anti-telegraphing structures prevent from local defects and are
designed in contact areas with the layup. General considerations during
curing of AM elements with FRP are the difference in the coefficient of
thermal extensions (CTE) of typical polymeric (47-88 mum/(mC )) and typical CFRP (8 µm/(mC )) materials (See Chapter 2). Furthermore, polymeric
AM materials show a visco-elastic material response and creep at elevated
temperatures may deform the AM structure (see Chapter 5).

6.4 post-processing aids
a) Displacement at the edge without core saver

max. u: 0.1562 mm

b) Displacement at the edge with core saver

max. u: 0.078 mm

thickness: 1.5 mm

Figure 6.4: Comparison of the displacement of an edge of an AM core without
(a) and with (b) core saver.

6.4

post-processing aids

Most composite parts are post-processed to create holes and other features, generate the desired tolerance in the component, machine the part
to the final shape, prepare the surface for bonding or perform surface finishing actions. Machining operations are necessary to perform most these
post-processing objectives and machining cost has become a major production cost factor in aerospace applications. A wing on an aircraft has
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as many as 5000 holes and a transport plane has between 1,000,000 and
2,000,000 holes for riveting the individual parts [106]. Typical challenges
during the machining of FRP’s are fiber discontinuities affecting the performance of the part, delaminations at the cut edges and reduced tool life
due to the abrasive nature of the composite [116]. With AM, local 3D solid
structures can be created that reduce or even eliminate post-processing
steps. These post processing aids can be temporary structures that are removed during the post processing of the composite part. Among many
possible design principles, an AM element with a designed breaking point
is presented in the next section. The element has the potential to eliminate
drilling steps in the production of composite parts.
Lightweight insert with integrated break-away pin
Figure 6.5 shows a lightweight insert made with SLM. It is inserted into
the pocket of the AM core of the aircraft instrument panel described in
Section 8.1 and is used as a load introduction element. The insert was presented in Chapter 4 and features lightweight vertical trusses that merge
into arcs and so, it is manufactured with SLM without supports. The wing
shape gives the connection element additional rotational strength. In the
center, a bore hole with the core diameter of the desired thread is printed.
The insert features a multifunctional pin on top of it. A sharp tip punctures the FRP layup and pushes the reinforcing fibers around the pin. The
layup is deposited on the insert, with the pin looking through it. Below the
tip a spanner gap is integrated into the pin. After curing, the location of
the inserts is visually apparent and the pin can be broken away by applying a torque on the integrated breaking line with an open ended spanner.
The bore hole is released and is resin-free. Drilling through the hole is
not required and the only necessary machining operation is tapping the
thread. The reinforcement fibers of the top laminate remain continuous as
no drilling is performed, resulting in a mechanical performance advantage
compared to designs with holes drilled through the facings. This example shows how AM can be used to design for part performance by using
lightweight structures and to design for processing: In this case the latter
approach reduces the time and the number of post processing steps while
preserving the performance of the fibers.

6.5 summary

a) Insert with tip and rated breaking point
Tip
Width across flat

Section view

Rated breaking point
Insert

b) SLM insert in SLS core and resin-free hole after removing
tip through torque application

Figure 6.5: Lightweight insert made by SLM with a pin featuring an integrated
breaking line to avoid hole drilling.

6.5

summary

This chapter described design principles that support the fabrication of
composite parts by integrating additional functionalities to the part to be
built. It addressed the third research question:
RQ 3: How can AM support the fabrication of composite structures?
This question was answered by introducing four major design principles including positioning and fixation elements, layup and handling aids,
structural curing and post-processing aids. These principles potentially reduce the number of parts and assembly steps required to produce a highly
integrated structure. The integration of handling and layup aids should reduce the time and error rate of an operator during lamination. Temporary
structural curing aids can minimize structural deformations during curing
and post-processing aids may reduce the number of post-processing steps.
The proposed design principles are applied to case studies presented in
the next chapter, where the design embodiment and the impact on the
assembly effort is quantified and described with more details.
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In the previous chapters, novel design concepts for hybrid AM-FRP
structures were presented (Chapter 4) and the necessary material properties for the processing were investigated (Chapter 5). This chapter investigates the mechanical performance of such hybrid structures and addresses
Research Question 4:
RQ 4: How to design lightweight structures with superior mechanical
performance?
Hat-profiled beams with structural cores made by AM and CFRP facings
were designed, analyzed, fabricated, and tested in three-point bending.
Various design approaches for the AM cores are compared including honeycombs and principal stress-oriented trusses made by SLS. Furthermore,
a hybrid core design consisting of a machined foam and a local load introduction support made by AM is investigated. To advance the development
of complex hollow lightweight structures, further core concepts, including
soluble salt and removable powders, are presented as alternatives to traditional technologies. The specimens are optimized in FEM simulations and
validated in three-point bending tests. The specimens are manufactured in
an autoclave prepreg process with curing temperatures of 100 °C and pressures ranging from 1.5 to 2.5 bar. The influence of the processing pressure
on the laminate quality and the interface of the AM core to CFRP facings
is investigated by microstructural characterization. The goal of this chapter
is to assess the specific mechanical performance of AM-CFRP structures in
comparison to state-of-the-art foam-core structures.
7.1
7.1.1

materials and methods
Design space and materials

The reference application is a stiffener that is applied to a panel structure. The bending stiffness is an important indicator for the ability of the
stiffener to reduce buckling of the panel, which is why the stiffener is considered as a beam structure in three-point bending. The reference geometry
displayed in Fig. 7.1 consists of an omega-shaped hat-stiffener that is either
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co-cured or co-bonded to a flat panel with a defined stiffener length of 340
mm, a total height of 31.9 mm, and a total width of 116.2 mm. The core
exhibits a height and a top width of 30 mm each, a bottom width of 70.4
mm, and sides that are inclined at an angle of 60° with a transition radius
of 5 mm.
Hat-stiffener
t = 0.8 mm

60°

31.9

5

Panel
t = 1.1 mm

Length l = 340 mm
30

108

70.4
116.2

Figure 7.1: Reference geometry of the hat-stiffener.

The core is laminated with carbon fiber-reinforced prepreg material using unidirectional SGL Sigratex CE 1007-150-38 with a ply thickness of 0.14
mm and an areal weight of 150 g/m2 , together with a SGL Sigratex twill
fabric CE 8201-200-45S with a ply thickness of 0.19 mm and an areal weight
of 200 g/m2 . To compare the performance of the cores only, the CFRP material, layup, and orientation are defined for all samples as follows: The
stiffener profile uses a (45 f /0/0/0/45 f ) layup with the fabric on top and
on the bottom, and with UD reinforcements in the middle, resulting in a
total stiffener laminate thickness of 0.8 mm. The layup of the panel consists
of a (45 f /0/0/45 f /0/0/45 f ) layup using UDs and fabrics resulting in a
total thickness of 1.1 mm. The design space is defined by the maximum
core height, width and length, as well as the layup and the material. In
order to show the potentials of AM, core designs can be of a lower height
if structural integrity is guaranteed.
7.1.2

Design concepts

A total of eight designs were developed, including the reference and
seven designs based on cores made by selective laser sintering (Table 7.1).

7.1 materials and methods

Design approach

Core technology
Foaming &

Reference

machining
Foaming, machining

Hybrid core design

& SLS

Core material

Processing conditions
p (bar)

T (°C)

IG-51

2.5

100

IG-51, HST

2.5

100

Honeycomb

SLS

HST

2.5

100

Honeycomb, chamfered

SLS

HST

2.5

100

Principal stress design 2.5

SLS

HST

2.5

100

Principal stress design 1.5

SLS

HST

1.5

100

Powder design

SLS

HST

2.5

100

Salt core design

SLS

HST, Salt

2.5

100

Table 7.1: Overview on core designs

Reference design
The reference design (Fig. 7.2) consists of a hat-stiffener with a machined
Rohacell ® 51 IG-F foam core, a structural support material widely used in
applications ranging from automotive to industrial [117]. The total weight
of the design amounts to 186 g, with the foam core weighing 30 g (16%) and
the CFRP prepreg weighing 156 g (84%). The reference samples showed
first failure at 757 N and maximum load at 2.2 kN. The first failure load is
used as a design load for the three-point bending.
CFRP prepreg

340 mm
Machined Rohacell IG-F 51
foam core
Figure 7.2: Reference design with Rohacell foam core.
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Hybrid core design
The hybrid core design approach combines a state-of-the-art Rohacell
IG-F 51 foam core with a load introduction element made by SLS (Fig.
7.3). The foam core is machined to the final shape from a block material
and includes a recess to insert the load introduction element. The insert is
bonded to the core with an epoxy adhesive. The pre-assembled core is then
over-laminated with CFRP prepregs and cured in the autoclave. The SLS
insert is optimized to minimize stresses and weight. The design should
highlight how a minimal design change can positively affect the structural
performance. Furthermore, this approach could represent a cost-effective
design solution.
SLS load introduction
A-A
A
CFRP prepreg

A

Machined Rohacell IG-F 51
foam core

Figure 7.3: Hybrid core design consisting of a machined Rohacell foam core and
a local load introduction element made with SLS.

Honeycomb designs
A straight (Fig. 7.4) and a chamfered (Fig. 7.5). honeycomb core concept are investigated. The freedom of design of AM is used to create a
lightweight, yet autoclave-suitable design. The underlying design consists
of honeycomb unit cells that are oriented perpendicularly to the outer surface of the stiffener to bear the autoclave processing pressure, a design advantage that cannot be implemented with conventional honeycombs. The
unit cell consists of cell walls, a bottom, and a roof with an integrated cross
to prevent the undesired effect of telegraphing. The cell width amounts to
10 mm, with the inner rod having a diameter of 0.8 mm. The design features graded mechanical properties with varying dimensions along the
profile. The general roof and wall thickness amount to 0.5 and 0.3 mm;
however, in the area of the load introduction the roof features a thickness
of 1 mm and a wall of 0.5 mm contributing to a local strengthening (Table
7.2). The core is divided in the center using a puzzle joint to fit into the
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building envelope of the SLS machine. Layup references and positioning
aids are integrated into the design to ease the lamination of the prepregs
and to secure the assembly onto the tooling plate.
Layup reference
& positioning aid

Puzzle
joint

Cross-section
with oriented
honeycombs
Unit cell
CFRP
prepreg

Roof walls
Side walls
Center rod

Figure 7.4: Core concept with AM honeycombs.

The chamfered honeycomb is a variation and its outer shape is such that
unloaded material removed. The core height decreases from 30 mm in the
area of the load introduction to 10 mm. The anti-telegraphing structure
is inspired by branches and consists of three splines with a diameter of
0.6 mm emerging from the cell wall towards the roof-webs. The roof has
a wall thickness of 0.5 mm along the stiffener and the cell wall thickness
drops from 0.35 mm at the load introduction area to 0.3 mm elsewhere.
The design is divided at the center using integrated knobs to provide a
defined bonding gap.
Roof walls
Section view

Anti-telegraphing
structure
Side walls

Figure 7.5: Chamfered core concept with AM honeycombs.
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Honeycomb

Properties

Chamfered Honeycomb

Load Intro.

Else

Load Intro.

Else

1

0.5

0.5

0.5

Side wall thickness (mm)

0.5

0.3

0.35

0.3

Unit cell density (kg/m^3)

284

189

184

162

Roof thickness (mm)

Table 7.2: Honeycomb unit cell geometries

Principal stress designs
For this design concept, the direction of the principal stresses was analyzed to determine the structural topology required to withstand a threepoint bending load. Material is accumulated such as to reduce the shear
stresses in the structure [118]. The design is then iteratively optimized
(CAD-FEM) until a competitive lightweight design is attained. In the first
phase, the design is optimized for a load of 3PB, resulting in the loadbearing structure highlighted in blue in Fig 7.6. It consists of a combination of hollow trusses to support the load introduction and of thin surfaces
to distribute the load along the sides of the profile into the panel. In the
second design phase, a lightweight grid structure is superimposed on the
trusses to reach an autoclave processing capability. The grid supports the
prepreg reinforcements during curing; it bears the pressure loading and
provides the shape of the hat-stiffener. The grid consists of a periodic arrangement of lightweight beams set 5 mm apart with a T-shaped crosssection to withstand bending during loading. The grid is supported by an
arrangement of hollow rods set 20 mm apart. The rods are collinear perpendicular to the outer surface of the profile to take the pressure load. At
the bottom of the profile the rods are connected to prevent any relative
displacement as a result of the processing pressure. A process-related minimal wall thickness of 0.7 mm is used to manufacture the diagonal trusses
with SLS. The core is divided into three parts; namely a main load-carrying
part in the center and two smaller elements that are located at the edges of
the profile. Prior to lamination the three elements are bonded with epoxy
adhesive.

7.1 materials and methods

Load-bearing structure
(blue)

CFRP
prepreg

Grid and rods
for processing (grey)
Core
saver
Section view of
princ. stress 2.5 bar
B

B-B

Section view of princ. stress 1.5 bar

B

T-beams

Hollow rods
for processing

Figure 7.6: Principal stress design approach with a 3PB load bearing structure
(blue) and grids for processing.

Two variations are designed, one of which is optimized for a processing
pressure of 2.5 bar and one for 1.5 bar. The pressure difference is used to
estimate the influence of the processing pressure on the laminate quality.
Differing processing loads are manifested in the embodied design as follows: The T-beams have smaller dimensions for the 1.5 bar version with a
thickness of 0.5 mm, compared to 0.7 mm for the 2.5 bar version. In the
1.5 bar design, the hollow rods supporting the grid are not connected at
the bottom of the structure and feature thinner walls of only 0.6 mm than
those of 1 mm in the 2.5 bar design. The wall thickness of the hollow rods
in the area of the load introduction is reduced from 2 mm for 2.5 bar to 1.7
mm for 1.5 bar.
Powder core design
The underlying idea for the powder-filled design is a structural separation of functions between the processing pressure and the three-point
bending operation load. To withstand the processing pressure, a closed
hull with a thickness of 0.5 mm is manufactured using SLS in such a way
as to enclose the un-sintered powder particles (Fig. 7.7). The un-sintered
powder is to act as a temporary structural curing support preventing the
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stiffener from collapsing during the autoclave cure cycle. The powder is removed after curing and does not contribute to the structural weight of the
final part. Hollow trusses are diagonally integrated into the hull to bear
the three-point bending loading. Functional features such as the sliding fit
are integrated in the hull to assemble the SLS parts prior to lamination.
CFRP prepreg
SLS hull

Unsintered
SLS powder

Joint

Load introduction
support

Figure 7.7: Powder-filled core design. An hull is sintered with enclosed unsintered powder.

Salt core design
The salt-core approach is based on the concept presented in Section 4.1.1
and consists of a washout-tooling and a functional hull made by AM. A
hull with a thickness of 0.5 mm is manufactured using SLS and filled with
commercially available salt. Salt has a high compression modulus and a
high melting temperature of up to 800 °C [85]. A plug made with SLS
is used to press the salt into the hull. On the other side of the profile a
sliding fit connects the two core elements. After curing, the salt is simply
dissolved in water. The load-bearing structure is equal to the one of the
powder-filled core and consists of trusses arranged diagonally.
CFRP prepreg
Sliding
connection
Salt
Plug

Figure 7.8: Salt-core approach with functional SLS hull and salt as filler material
for curing.
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7.1.3

Finite element modeling

Two finite-element (FE) simulation models are developed in Abaqus
CAE 6.14-1; namely a process model to predict the mechanical response
of the structure subjected to the processing pressure, and a load model for
the structural response under three-point bending. Both simulations are
quarter models with symmetry conditions to replicate the whole structural
behavior. Both models use solid C3D10- tetrahedral elements to represent
the AM core and S4R conventional shell elements to model the CFRP reinforcements.
Linear elastic FEM simulations were conducted to identify the weakness
of the designs. Linear elastic models are only valid in the linear elastic
range of the force-displacement diagram of a specific design. Therefore,
an assessment up to the first failure (end of linear elastic range) can be
made. The designs are considered to be valid if the elastic strain EE for the
composite, the von Mises stress of the AM core and the displacements of
the AM core are lower or equal to the values of the reference design at a
load of 757 N, which corresponds to the experimentally determined first
failure load.
Process model
The process model shown in Fig. 7.9a simulates the autoclave and the
vacuum pressure acting on the outer surface of the structure at a temperature of 100 °C. At the beginning of the curing stage, the stiffness of the
reinforcement material is negligible and thus does not fully contribute to
the overall stiffness of the profile until the gel point is reached. A reduced
prepreg stiffness of 50 MPa is used in the simulation, which is a simplified
modeling approach. A pressure load of 1.5 and 2.5 bar is applied, respectively. A maximum displacement of 0.5 mm and a stress of 8.5 MPa for the
DuraForm HST are used as failure criteria.
(a) Process model

x

z

y

(b) Three-point bending model

Surface pressure
p = 1.5 - 2.5 bar Uncured
laminate

Roller
F = 757 N
x

Symmetry
conditions

z

y
Support

Figure 7.9: Process (a) and three-point bending (b) simulation model.
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Three-point bending load model
The 3PB load model consists of the hat-stiffener, a steel roller, and the
supports. The support is fixed with an encastre condition. The only displacement allowed for the central roller is in the z-direction. The AM core
is tied to the CFRP laminate. The contact of the stiffener with the central
roller and the supports is modeled using contact interaction properties
(tangential frictionless contact). A total force of 757 N is introduced into
the stiffener, which represents the first failure load of the reference foam
core. An equivalent pressure of 206.4 MPa is thus applied on top of the
quarter surface of the roller. The failure criteria for the core are a maximum stress of 39 MPa in-plane and of 26 MPa in the upright direction,
which correspond to the yield strength of the HST DuraForm (Chapter 5).
The design allowable for the CFRP are strains exceeding 1.2%.
7.1.4

Manufacturing

At least two specimen are produced and tested for each design. The
general manufacturing route is a layup prepreg process and comprises the
steps described below.
Selective Laser Sintering of the cores (Fig. 7.10)
The load introduction insert shown in Fig. 7.10a and the cores (b-e) are
produced on a DTM Sinterstation 2500 plus with a building area of 300 mm
x 260 mm. The specimen are produced from DuraForm HST Composite
powder material, developed by 3D Systems [40], a compound of Polaymide
12 and 2 wt% of wollastonit fibers (Chapter 5). The parts are produced
using a part-bed temperature of 170 °C, a laser power of 48 W, a scan
speed of 10 m/s, and a hatch distance of 0.24 mm. As a consequence of the
limited building envelope, the sintered core elements are bonded using a
high temperature epoxy adhesive. The salt core design, prior to the CFRP
layup, is filled with commercially available table salt.

7.1 materials and methods
(a) Hybrid core design

(b) Chamfered honeycomb design

(c) Principal stress design 2.5 bar

(d) Powder filled design

Figure 7.10: Selection of cores including hybrid core, principal stress design, salt
core.

Layup and autoclave curing (Fig. 7.11)
The prepreg is cut to net-shape in the desired orientation. First, the plies
forming the CFRP panel are laid on a tooling plate. The prefabricated SLS
cores then are placed on top of the panel layup. The plies consisting of the
layup of the hat-stiffener are draped onto the SLS cores to complete the
assembly. The layup is vacuum-bagged and placed in the autoclave. It is
heated at a rate of 1 °/min up to 100 °C, held at 100 °C for 2 h, and is then
cooled down to room temperature at a rate of 1°/min. The total pressure
applied to the layup during curing consists of 1 bar vacuum and 1.5 bar
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autoclave pressure, except in the principal stress design approach where a
reduced autoclave pressure of 0.5 bar is used.

7.1 materials and methods

(a) Assembly of the cores prior to layup

(b) Layup of the reinforcements

(c) Vacuum bagging prior to autoclave curing

Figure 7.11: Layup of the CFRP and vacuum bagging of a core selection.
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Post-processing (Fig. 7.12)
This step includes the demolding of the part from the tooling plate and
the trimming of the edges and the temporary curing aids (e.g. core saver)
to obtain the final contour. In the powder design, the powder is removed
manually, while in the salt core design, the salt is dissolved in water.
(a) Honeycomb design

(b) Chamfered honeycomb design

(c) Salt core designs

Figure 7.12: Final AM-CFRP hat stiffeners.

7.1.5

Three-point bending tests

The specimen were mechanically tested in three-point bending on a 1494
Zwick universal testing machine with a load cell of 10 kN at the Swiss
Federal Laboratories for Materials Science and Technology (EMPA) (Fig.
7.13). All tests were conducted at a roller speed of 5 mm/s. The test was
stopped whenever a decreasing force over a displacement of 2 mm was

7.1 materials and methods

reached. The supports were placed at a distance of 300 mm and featured a
diameter of 50 mm.
(a) Zwick testing machine (EMPA)

(b) Three-point bending test setup

Figure 7.13: Three-point bending test setup at EMPA.

7.1.6

Microstructural characterization

Polished samples from the principal stress designs at 2.5 and 1.5 bar
were prepared in order to investigate the influence of the processing pressure on the quality of the laminate and of the interface. The top crosssections of the load introductions were prepared with polishing resin and
were grinded using a Struers Abramin grinding machine.
The fiber volume content v f of the laminate is assessed analytically using
the following formula:
vf =

wt% f
rf

wt% f
rf

+

wt%m
rm

(7.1)

where wt% f , f abric = 0.5, wt% f ,UD = 0.62, wt%m, f abric = 0.45, wt%m,UD =
0.38 are the weight percentages and r f = 1.76g/cm3 , rm = 1.13g/cm3 the
densities of the fabric, the unidirectional fibers and the matrix, respectively.
Based on this information, the fiber volume content is calculated to be
44.0% for the fabric and 51.2% for the UD. The laminate thicknesses, the
fiber volume contents, and the density of the SLS are assessed using optical
microscopy in conjunction with image analysis. A series of five images per
laminate section are taken using an x10 and an x100 objective on the light
microscope, respectively.
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7.2
7.2.1

results
Simulation results

Linear elastic FEM simulations were conducted to identify the weakness
of the designs. Linear elastic models are only valid in the linear elastic
range of the force-displacement diagram of a specific design. Therefore,
an assessment up to the first failure (end of linear elastic range) can be
made. The designs are considered to be valid if the elastic strain EE for the
composite, the von Mises stress and the displacements of the AM core are
lower or equal to the reference design at a load of 757 N.
Reference design
The critical load for the foam core is the three-point bending. At the
breaking load of 757 N the reference design shows excessive stresses in
the foam core and strains in the laminate (Fig. 7.14). The region of excessive load is located at the edge to the side wall of the stiffener profile. The
stresses in the foam core amount up to 1.58 MPa, thus exceeding the compressive strength of 0.9 MPa. The strain in the laminate amounts up to
1.43%, exceeding the design allowable of 1.2%. These results suggest that
the area of the load introduction is critical in three-point bending. Also,
it is assumed that the low compressive strength of the foam core is the
limiting factor.

Von Mises stresses in the foam core
max: 1.58 MPa

Laminate strain

max: 1.43%

Figure 7.14: Von Mises stresses in the foam core and laminate strain in the reference design under three-point bending.

7.2 results

Hybrid core design
The goal of the hybrid core design is to eliminate the weak point of the
state-of-the-art reference under local loading by integrating an optimized
insert. Figure 7.15 shows that the stresses in the foam core are reduced
to 0.41 MPa which is below the compressive strength of the material of
0.9 MPa. The von Mises stresses in the SLS insert locally amount up to
39.09 MPa slightly exceeding the allowable. However, the insert seems to
partially take off the stresses in the core. Moreover, the stress distribution in
the insert shows that the lightweight grid successfully reduces the weight
in an unloaded area. In general, the laminate strain is very small; however
a local maximum amounting up to 0.51% is found in the edges of the
load introduction area. The value is below 1.2%. The hybrid core design
showed significant reductions in the stresses and the strains compared to
the reference design at a very similar weight.

Von Mises stresses in the foam core
max: 0.41 MPa

Von Mises stresses
in the insert

Laminate strain

max: 39.09 MPa

max: 0.510%

Figure 7.15: Von Mises stresses in the foam core and in the insert; strain in the
laminate. Stresses in the foam core and in the laminate were significantly reduced compared to the reference design.

Honeycomb designs
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The chamfered honeycomb is the advanced honeycomb version, which is
why it is discussed in this section. Fig. 7.16 shows the displacements of the
chamfered honeycomb core under a processing pressure of 2.5 bar. In general, the displacements are uncritical; however, the displacements increase
in large exposed surface areas. Higher displacements are reported in the
center of the profile, where the area of the sides contributes to the overall
displacement. The maximum is reached in the anti-telegraphing crosses
where it amounts to 0.078 mm, which is below the design allowable of
0.5 mm. The von Mises stresses and the laminate strain is assessed for the
three-point bending loading. In general the von Mises stresses are uncritical in the chamfered AM honeycomb core. The maximum is reached very
locally in the load introduction area where the roller is in contact with the
specimen. Also, the laminate strains highlight the local effect in the load introduction. The strains amount up to 0.036% which is below the allowable
of 1.2%.

7.2 results

Displacement under
processing pressure

max: 0.078 mm

Von Mises stress under 3PB
max: 12.93 MPa

Laminate strain under 3PB

max: 0.036%

Figure 7.16: Simulation results for the chamfered honeycomb design under processing and three-point bending load. The processing pressure is
the critical load case.

Principal stress design
Figure 7.17 shows the stresses in the principal stress design at a processing pressure of 2.5 bar. Elevated stress levels are found in the lightweight
grid, in the top, and in the sides near the center. The lightweight grids
are optimized for the stress distribution of 8.5 MPa. A single stress outlier amounting to 69.3 MPa is found in a highly distorted element. The
simulation of the displacement in the core at a processing pressure of 2.5
bar reveals that the longitudinal grid structure is significantly loaded compared to the sideward surfaces. The maximum displacement is found in a
beam in the grid structure and amounts to 0.208 mm which is below the
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allowable of 0.5 mm. The 3PB loading results in a more local loading of
the structure with a stress peak reaching up to 15.61 MPa in the core and
laminate strains reaching up to 0.357% in the load introduction edges. The
laminate strains reveal minor strain peaks in the area of the supports and
at the transition from the horizontal hat-shape to the longitudinal slope.
All values are uncritical. The simulation results of the principal stress designs processed at 1.5 bar are very close to those presented here and their
elaboration is thus omitted.

Displacements under processing pressure
max: 0.208 mm

Von Mises stresses under 3PB
max: 15.61 MPa

Laminate strain under 3PB
max: 0.357%

Figure 7.17: Stresses and and strains in the principal stress design under processing and three-point bending loading.

Powder- and salt-filled core designs
The structural dimensioning of the powder- and the salt-filled core designs are similar for the three-point bending load case. Figure 7.18 shows
the von Mises stresses in the functional hull and the laminate strain for the
three-point bending loading. The AM core is loaded in the area of the load

7.2 results

introduction and the section view reveals stresses in the diagonal trusses.
In the lower area of the struts, the design freedom was constrained by
the requirement of powder removal which is why the material utilization
could not be optimized in this area. The maximum von Mises stresses of
27.39 MPa are found in the edge of the load introduction due to roller
contact. The salt/powder core design exhibits higher material utilization
of the laminate, compared to the reference and the honeycomb designs.
However, a strain peak of 0.528% is found in the load introduction edge.
Minor strain peaks are found in the diagonal struts, and the supports. The
laminate strains do not exceed a value of 1.2%.

Von Mises stresses under 3PB
max:
27.39 MPa

Laminate strain under 3PB

Section view

max: 0.528%

Figure 7.18: Von Mises stresses and strains under three-point bending loading
in the salt/powder core design.

7.2.2

Processing results

This sections covers the processing results of selected designs after autoclave curing. The typical processing failures are dented or crushed faces as
a result of the pressure occurring in the autoclave. The principal stress design 1.5 bar (Fig. 7.19a) shows dented side walls, whereas the top faces are
free from any major deformations. The section cut reveals that the dents are
due to failed interfaces between the side trusses and the pre-cured panel.
The side trusses should prevent the side faces from deforming under pressure. However, the results suggest that the struts could slide inwards and
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break eventually. In the principal stress design 2.5 bar (b), the struts of
opposed side walls are connected to each other in order to balance the
processing loads acting on the sides of the hat-profile. Results show a stable processing of the stiffener with minor deformations on top. When the
height of the profile is measured, all deformations remain below 0.5 mm.
(a) Principal stress design 1.5 bar

(b) Principal stress design 2.5 bar

Dented side
walls

Failed interfaces

Figure 7.19: Processing results of the principal stress designs.

The powder-filled core (Fig. 7.20a) shows the collapse of both, the top
and the sides. This is due to insufficient compaction of the polymer powder in the SLS process to withstand autoclave pressures. Under pressure,
the powder was further compacted, resulting in an inadmissible structural
geometry. The section view shows the powder remnants sticking to the
polymer hull of the profile. Since the powder was removed easily in the
center of the profile, results indicate that excessive resin flowed through
the 0.5 mm thin polymer hull and formed solid accumulations of resin
and powder. Due to processing failure, the powder core is not further discussed in this publication. The salt core (b) confirms these findings. The
section view indicates a partial resin inflow through the hull. However, the
overall contour is intact, which is a result of the much higher compression
modulus of salt than of the polymer powder. Furthermore, the salt was
washed out without any difficulty, with the salt completely dissolving in
the water. The hybrid and the honeycomb cores were processed successfully with deformations being smaller than 0.15 mm.

7.2 results
(a) Powder-filled design

(b) Salt-core design approach

Dented faces

Partially sintered SLS powder

Partial resin inflow

Figure 7.20: Processing results of the powder-filled and the salt-core designs.

7.2.3

Weight

Figure 7.21 shows the laminate, core and overall weights of the specimens. The structural cores were weighed prior to lamination and after
curing. The laminate weight varies between 149 g and 156 g with an average laminate weight of 153 g. The variation of the laminate weight is
probably attributable to process-related resin flow effects. The core design
can have a significant impact on the overall structural weight. The weight
of the foam core of the reference design amounts up to 30 g which corresponds to 16% of the overall weight, while the honeycomb core weighs 132
g or 46% , the chamfered honeycomb core weighs 74 g or 33%, the hybrid
core (insert + foam) weighs 31 g or 17%, the principal stress 1.5 core weighs
56 g or 27%, the principal stress 2.5 core weighs 84 g or 35%, the powder
core weighs 47 g or 31% and the weight of the salt core amounts to 25 g or
approximately 14%. The pure AM core designs exhibit significant weights.
Chamfering the honeycomb design allows to reduce the core weight by 47
g and reducing the pressure by 1 bar causes a reduction by 29 g for the
principal stress design. Nevertheless, these designs still exhibit a significant weight penalty for the selected geometry. The hybrid core and the salt
core design are promising approaches for lightweight structures. In the salt
core concept, the core weight decreased by approximately 16% compared
to the foam core and the weight reduction would be more significant if the
functional would be removed mechanically after curing, leaving only the
load-bearing trusses in the hollow structure. It is estimated that approxi-
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mately 20 g of the salt core weight are associated with the functional hull,
and approximately 5 g are required for the diagonal trusses supporting
the hybrid stiffener during three-point bending.
288
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Figure 7.21: Weight comparison.

7.2.4

Force-displacement diagrams

Fig. 7.22 shows the force-displacement (F-d) diagram of representative
hat-stiffened beams tested in three-point bending. The first failure and the
maximum breaking load (encircled in the figure) are key indicators for the
mechanical load capacity of continuous FRP structures. The first failure is
manifested by a kink in the F-d curve which represents a loss in stiffness,
while the maximum force corresponds to the highest value during the
measurement. In general, the samples pass through the following critical
stages of the loading procedure: The flat section of the F-d curve near the
origin is a setting effect just after initial loading, followed by a linear-elastic
range. First failure occurs at the end of the linear-elastic range. The load
may increase with subsequent local failure effects that reduce the stiffness
until the maximum breaking load is reached. All samples outperformed
the reference design in terms of first failure and maximum breaking load.
The first failure of the reference profile is marked by a kink at (1) in the
linear-elastic section of the F-d curve at the force-displacement coordinates
(F,d) of (757 N; 0.64 mm). The central roller induces a damage on top of
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the side edges, while the middle is deflected downwards. From this point
on, the plies subsequently failed until a combination of the compressive
strength of the foam core and the lower CFRP panel was measured. The
force reached the maximum value of 2200 N at a displacement of 5 mm (2).
The first failure of the honeycomb designs is found at (3182 N; 1,59 mm) for
the straight (3) version and at (3001 N; 1.73 mm) for the chamfered version
(5). The straight honeycomb outperforms the chamfered version in terms
of maximum load, amounting to (6212 N; 3.29 mm) at (4) and (5328 N; 3,5
mm) at (6) as a result of fiber failure. The local support in the hybrid core
design increased the linear-elastic range up to (2857 N; 1.64 mm) where
the first failure occurred (7). The maximum load was reached at (3348 N;
1.94 mm), (8), followed by an abrupt decrease in the force. The principal
stress designs processed at 1.5 and 2.5 bar showed the first failure at (2728
N; 1,92 mm) (9) and at (4029 N; 2,29 mm) (11). Rupture appeared at (5010
N; 4,83 mm) and at (6368 N; 4,17 mm) for the 1.5 bar (10) and the 2.5 bar
(12) design, respectively. The linear elastic range of the salt core showed
the first failure at (2808 N; 1,99 mm) at (13), followed by a quasi-linear
decrease in the force until the abrupt failure at (4180 N; 4,01 mm) at (14).
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Figure 7.22: Force-displacement diagram of representative samples.
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Fig. 7.23 shows the failure locations of selected samples. All samples
failed at the top of the profile close to the load introduction. In general,
this was expected and is in accordance with the simulations results. The
hybrid core design (a) showed a delamination in the CFRP plies and a delamination of the CFRP from the SLS core, located at the 5 mm radius. The
honeycomb specimens showed laminate failure on top of the hat-stiffener
in the load introduction. The laminate cracking extends to the side surface
of the profile. The principal stress design (d) failed in the laminate, next
to the load introduction and the salt core (e) also showed cracks at the interface of the hull to the trusses. The bottom panel remained intact for all
specimen.
(a) Hybrid core design

(b) Honeycomb

(d) Principal stress design

(e) Salt core design

(c) Chamfered
honeycomb

Figure 7.23: Section view of failure areas in or close to the load introduction.

Fig. 7.24a compares the first and maximum failure load of the specimen
to the total weight. The mechanical properties of all designs increased significantly. For example, the first failure load increased by 432% for the
principal stress 2.5 design, by 296% for the chamfered honeycomb and
by 271% for the salt core approach. Also, the maximum load increased by
190%, 142% and 90% for the principal stress 2.5 design, the chamfered honeycomb and the salt core design, respectively. Refer to Appendix A.2 for a
complete list.

7.2 results

7.2.5

Bending stiffness

The bending stiffness of the profile is assessed experimentally from the
linear range of the force-deflection diagram according to:
K=

F0.5
w0.5

F0.2
w0.2

(7.2)

where K ( N/mm) is the stiffness of the profile in bending, F0.5 , F0.2 are
the forces and w0.5 and w0.2 are the deflections at 50% and 20% of the first
failure load [119]. The bending stiffness of all designs increased by 12% for
the salt and up to 59% for the honeycomb design (Fig. 7.24b).
(a)

(b)

Honeycomb

Princ. Stress 2.5

Honeycomb, cham.

Hybrid core

Princ. Stress 1.5

Salt

Honeycomb

Principal
Stress 2.5

Hybrid
core

Honeycomb,
chamfered

Principal
Stress 1.5

Reference

Salt

Reference

Figure 7.24: Failure load (a) and bending stiffness (b) comparison.

7.2.6

Microstructural characterization

Fig. 7.25a shows longitudinal sections of the load introduction areas of
the principal stress approach processed at 2.5 bar (a) and 1.5 bar (b) after
three-point bending testing. In the center of the images, the laminate is
visible, with the unidirectional fibers running along the profile. Fabrics oriented at 45° enclose the UD reinforcements. The laminate thickness varies
in both specimen between 0.78 and 0.91 mm, which remains within the
analytical calculation of 0.8 mm. The fiber volume content v f was assessed
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for both samples in the fabric. It ranges between 39.2% and 48.1% for 1.5
bar and 43.1% and 50.4% for the specimen processed at 2.5 bar. The average fiber volume content v f amounts to 42.9% and 46.5% for the specimen
processed at 1.5 bar and at 2.5 bar pressure, respectively. These results are
in good agreement with the analytical value of vf amounting to 44.0% for
the fabric. The void content was assessed with image analysis and averages
values of 1.54% for the 1.5 bar and 1.32% for the 2.5 bar specimen, respectively. The plies failed in the top laminate close to the load introduction
zone. When subjected to three-point bending, this area is subjected to inplane and out-of-plane compression loading. Fig. 7.25c shows a close-up
of the interface of the CFRP to the core element made of HST DuraForm
by SLS. During curing, the excessive resin of the prepreg material takes the
contour of the irregularly shaped surface of the 3D-printed core. A variable
layer thickness ranging between 0 and 0.05 mm is measured. No voids are
visible at the interface, leading to the conclusion of a presumably strong
interface. 7.25d shows a representative section of the porosity analysis for
the DuraForm HST Composite material processed using SLS. Depending
on the location of the measurement and on the contrast settings, a material
density ranging between 84.5% and 90.3% is calculated.

7.2 results
(a) Principal stress design, 2.5 bar
Polishing resin

UD Weave

HST DuraForm
(b) Principal stress design, 1.5 bar
Fracture

x10
Fracture

Delamination
x10
(c) Interface laminate - SLS
CFRP Prepreg
Excessive
prepreg resin
HST DuraForm

x30

(d) Image processing (porosity of HST DuraForm)

Figure 7.25: Light-microscope images showing the section view of principal
stress samples processed at 2.5 bar (a) and 1.5 bar (b), the interface laminate-SLS part (c) and the image processing results for the
SLS part (d).
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7.3
7.3.1

discussion
Design concept comparison

A novel approach combining additive manufacturing with carbon fiber
prepreg for lightweight structures has been proposed. The results show
that all AM designs exhibit an improved mechanical performance in terms
of first failure load, maximum load and bending stiffness.

Hybrid core

Salt
Principal stress p 2.5
Honeycomb,
chamfered

Principal stress p 1.5
Honeycomb

Reference

Figure 7.26: Comparison of the specific stiffness and failure loads.

While the honeycomb and the principal stress design 2.5 exhibit the highest absolute breaking loads, their elevated weight reduces the competitiveness of the designs in terms of specific properties. While the absolute increase in the bending stiffness amounts to 59% for the honeycomb concept,
its specific bending stiffness has only increased by 2%. A similar trend
is observed for the principal stress designs where the specific stiffness increased by 7% and 12%, while the hybrid core design exhibits a specific
increase amounting to 41%. The reason is the fact that the processing load-

7.3 discussion

ing requires a lot of material which remains unloaded during three-point
bending. In the case of the principal stress design 2.5 bar the core weighs 84
g, with 29 g for the 3PB loading and 55 g for the processing. A total of 65.5%
of the core weight is therefore required for the processing load case, which
yields a relatively high overall weight. One option to reduce the processing
weight is to reduce the processing pressure. A pressure reduction by 1 bar
led to a decrease in the core weight from 84 g to 56 g, or by 33.3%. However,
solely relying on SLS cores, none of the design concepts can compete with
the low weight of the pure foam core. This is due to the limitation of SLS
process to design very thin structures. In fact, most commercial SLS systems require minimum wall thicknesses of around 0.5 mm for the robust
manufacturing of thin structures. This is approximately 10 times the wall
thickness of the cell walls of structural PMI foams (e.g. Rohacell). Moreover, the limitations of the honeycomb and the principal stress designs are
the reduced material properties of SLS powders based on Polyamide 12
when they are subjected to elevated temperatures. Recent advancements
in the processing of high-temperature materials including PEEK by AM
promise to expand the performance envelope for SLS polymers in this domain [120, 121]. Removable cores could represent a change of paradigm:
The salt core approach resulted in a competitive design in terms of mechanical performance and weight. The specific stiffness increased by 18% and
the specific first failure load by 290%. Within some limitations, the salt core
design can be processed at various pressures and is characterized by a low
design effort, especially when compared to the principal stress or the honeycomb designs. However, the approach is limited by the following factors:
First, access for filling the salt prior to curing and dissolving it afterwards
is required. Second, the hull made of DuraForm HST adds to the weight
(20 g or 80% of the core weight) and showed partial resin inflow during
processing. The application of a sealing system or an increase in the hull
thickness may avoid the occurrence of such processing effects. Further research is thus required on the development of an approach for the additive
manufacturing of salt structures for the production of removable, pressure, and temperature-resistant components. The hybrid core design combines
a machined foam core with a locally embedded AM element. It reached
the highest specific stiffness amounting up to 10.4 ⇥ 106 Nm 1 kg 1 , which
is an increase of 41%. In terms of specific failure load, the hybrid core design ranges among other AM concepts, with an increase of the specific first
failure load by 282%. The main advantage of this concept is the increase
in stiffness without significant weight penalty. It illustrates how a minimal
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design effort can trigger a significant performance effect. This approach
could provide a cost-competitive solution for large foam-based structures
with integrated AM elements. For highly complex structures, however, the
hybrid core concept may not be the most efficient design. The freedom of
design is limited by the machining or forming of the core into the desired
shape. With increasing part complexity, this concept might therefore reach
its limits.
7.3.2

Microstructural characterization

The investigation of the processing pressure on the microstructure of the
specimen showed that increasing the pressure from 1.5 bar to 2.5 increases
the fiber volume content v f by 8.4% and decreases the void content by
14.3%. These results are in good agreement with those of existing studies
correlating the fiber volume fraction and the void content as a function of
cure pressures [122, 123]. However, the fiber volume content, the void content, and the laminate thickness also depend on resin flow patterns and
cure viscosity [124, 82], which were not investigated in this study. The microstructural results presented in this study confirm the correlations. They
do not indicate any significant decrease in the mechanical performance. We
propose to cure the principal stress design at 1.5 bar for weight-sensitive
applications. The reduction of the cure pressure by 1 bar resulted in weight
savings of 28 g or by 33.3%, outweighing the decrease in microstructural
properties. The porosity of polymeric parts made by SLS strongly depends
on processing parameters including laser powder, laser speed, hatching
distance, energy density [125], and powder particle distribution [14]. Due
to a lack of existing research for HST DuraForm, the results of this study
(84.5% to 90.3%) are compared to those of similar materials processed by
SLS: Studies report a maximum density of 90% for polycarbonate [126],
a density of 94% for PA12 using x-ray tomography [127], and 74.7% for
Nylon [128]. The results reported in this study thus are plausible.
7.3.3

Design space

In this study a hat-shaped geometry was loaded in three-point bending.
For this slender profile, the CFRP sides support the center roller, which
is shown by stress peaks in the simulations. The positive effect on the
mechanical performance of AM-CFRP hybrid structures is expected to be
even more pronounced in curved sandwich panel-like structures where the
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length and the width are comparable. In such aerial structure, the load may
not be transferred through stiff sides, which makes the consideration of the
load introduction even more important. Chamfering the profile lengthwise
results in a significant weight reduction for AM cores (e.g. ⇡ 47 g for the
honeycomb concept). However, chamfering the reference core would entail
a weight difference of only 7 g, which is insignificant in comparison to the
overall weight of the structure. This is due to the great difference between
the densities of the Rohacell IG-51 foam and the polymeric parts made by
SLS.
7.4

conclusions

In this chapter the specific mechanical performance of AM-CFRP hatstiffeners was investigated It addressed the fourth research question:
RQ 4: How to design lightweight structures with superior mechanical
performance?
Results showed, that the combination of additive manufacturing with
carbon fiber prepregs produced in an autoclave layup process can yield
competitive lightweight structures when employed in combination with a
temperature- and compression-resistant filler material or, selectively, as a
local load introduction support. With an increase in the specific first failure
load by 290% and an overall weight reduction by 5%, the performance of
the salt core design is outstanding. The hybrid core design consisting of
a combination of a machined foam core and an optimized load introduction element made by SLS exhibits an increase in the specific first failure
load by 282%. The designs consisting exclusively of polymeric cores made
by SLS exhibit a specific first failure load increased by up to 310%, and
an increase in the specific bending stiffness by up to 12%. However, the
mechanical advantages are counteracted by a weight penalty ranging between 10% and 85%. The results indicate that today’s polymeric materials
processed by SLS do not fully satisfy the thermo-mechanical requirements
for in-autoclave applications. Future work should therefore be dedicated
on more temperature-resistant polymer materials that are processed by
AM to fabricate complex-shaped cores.
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This chapter seeks to validate the design concepts and principles using
three case studies. For each case study a hypothesis for the value driver
is formulated. The case studies incorporate the design concepts, principles
and material data presented earlier to a component on system level. This
chapter addresses research question 5:
RQ 5: What is the added value of AM-FRP in structural applications
on system level?
First, a novel aircraft instrument panel consisting of a multi-functional
sandwich core made with AM elements validates the potentials for integral designs. Second, a high-performance prosthesis consisting of SLM
load introductions is mechanically validated for ultimate and cyclic loading. Third, a hollow robot leg structure with a binder jetted sand core
demonstrates the potentials of lightweight designs.
8.1

aircraft instrument panel

A novel aircraft instrument panel is developed using additive multifunctional sandwich cores and CFRP prepreg facings. This case study highlights how AM can support the fabrication of highly integrated structures with complex geometries based on the design principles presented
in Chapter 6: Hypothesis:
"Integral design of complex AM-CFRP structures: Additive manufacturing reduces part count, assembly steps, weight, and simplifies tooling."
This case study is based on the journal publication “Additive Manufacturing with Composites for Integrated Aircraft Structures”, Journal of
Advanced Materials, vol. 3, 2016, pp. 55-69.
8.1.1

Reference: aluminum aircraft instrument panel

The reference is a state-of-the-art instrument panel for a small multipurpose aircraft that is produced in low volume. It is connected to the
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aircraft fuselage and is part of the cockpit. Its main function is the attachment of various instruments ranging from radio equipment to GPS. The
structural concept is shown in Figure 8.1 and consists of an integrally machined sheet metal design with riveted attachment points. All parts are
made from aluminum. The overall dimensions are 900 x 300 x 300 mm.
The panel features a total number of 49 interface points for the attachment
of instruments and housings for plugs. The base plate is integrally machined down to a thickness of 3.2 mm. Two support straps are riveted to
the webs of the base plate requiring eight additional interface points. The
panel structure therefore consists of three metal parts and 115 joining elements, resulting in 118 parts. The joining elements can be classified into
rivets, rivet nuts and turn-lock DZUS fasteners. The total structural weight
(without instruments) amounts to 1481 g, where over 98% account for the
metal panel structure.
DZUS fastener
Rivet nut

DZUS fastener

Support strap
Base plate

Rivet nut

Figure 8.1: Aluminum reference panel.

8.1.2

Hybrid AM-CFRP sandwich design

A novel aircraft instrument panel is developed using additive manufacturing and autoclave prepregs. The combined approach is used in a way to
benefit from the specific advantages of each material and production technology, resulting in a highly integrated lightweight structure as shown in
Figure 8.2. The mechanical concept is a sandwich design, where the facings
are made of CFRP prepregs. The core consists of multifunctional honey-

8.1 aircraft instrument panel

combs made by selective laser sintering in areas with need for the integration of functions. These functions are interface points for the attachment of
instruments or plugs, complex geometries, sealing or edge damming during manufacturing. In areas where the only function is of structural nature,
Nomex aramid honeycomb C2-3.2-29-8 mm is used [129]. Load introduction elements are made of stainless steel 1.4404 with SLM and are inserted
into the multifunctional printed core. Since the part dimensions exceed the
SLS building space, the SLS core elements are split into eight pieces. The
total sandwich height is 10 mm, with 8 mm core height and 1 mm for each
facing.
AM honeycomb
elements k1-8)
2

1

Aluminum
supports

CFRP tooling
plate

3
4

8
5
7
Teflon blocks

6
Nomex
honeycomb

CFRP facings

Figure 8.2: Concept of the aircraft instrument panel made of additive manufactured core elements, CFRP facings and simple tooling.

8.1.3

Stress analysis

The stress analysis of the instrument panel is dedicated to emergency
landing situations, in which high inertial loads occur. These inertial loads
are mainly caused by the heavy instruments, which are attached to the
panel. For reasons of passenger safety, structural failure of the panel must
be ruled out. The certification basis is the CS-23 for Normal, Utility, Aerobatic, and Commuter Category Aeroplanes, Amendment 3. CS 23.561 General (b) (3) “Emergency landing conditions” defines the following ultimate
load factors (Table 8.1):
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Direction

Acceleration

upward

3.0 g

sideward

4.5 g

forward

18.0 g

downward

6.0 g

Table 8.1: Loads [130].

The maximum material allowables for the CFRP UD prepreg and the
steel are as follows (Table 8.2):
Material
CFRP UD
prepreg
Steel

Parameter

Value

Unit

Strain fiber parallel

0.4

%

Strain transverse

0.4

%

Shear strain

0.6

%

Tensile strength

650

MPa

Table 8.2: Material allowables

8.1.4

Layup

The instrument panel face sheets are made from UD CFRP plies. The
front side of the panel has a quasi-isotropic layup with a constant total
thickness of 1 mm. On the backside of the panel a variable stiffness design with local reinforcements is pursued. The respective laminate layup
is depicted in Figure 8.3. The 0° direction is along the x-axis.
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(0/90)

(0/90/45/-45/90)

(0/90/45/-45)

Figure 8.3: Laminate thickness and layup on the backside of the panel.

8.1.5

Critical load case

The critical load case is the 18 g forward acceleration. The inertial loads
acting on the panel mainly arise from the instruments attached to it. The
instruments are considered in the FE model by point masses, which are
attached to the respective panel interface points by rigid body elements.
Thereby, a maximum panel deformation of 1.5 mm is calculated. High
strains occur at drill hole and support strap edges as can be seen in Figure
8.4. The maximum strain to be found is # 12,max = 0.56%. The highest steel
insert stress is obtained to 294 MPa. These values are admissible.

Figure 8.4: Maximum strain failure criteria on the front side of the panel.
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8.1.6

Manufacturing

The general manufacturing route consists of an autoclave prepreg process as described in Chapter 4. A 4 mm thick CFRP tooling plate is used.
Three milled aluminum blocks are pin-positioned and screwed to the tooling plate. These blocks are used as reference points for attachments that
stick out of the sandwich plane. Prepreg plies are cut to near-net-shape.
Four plies are draped on the tooling plate. Then, eight prefabricated SLS
honeycomb cores are assembled via puzzle joints (Fig. 8.5). The SLS honeycomb core elements feature bore holes for the attachment of the panel
to the aircraft frame structure, and pockets to insert load introduction elements and control switches. A manufacturing rail is integrated to the core
which will be machined away after curing. An edge rail with the final contour of the sandwich structure is integrated for the closure of the sandwich
structure. Six Nomex honeycomb segments are cut and inserted in designated areas. Machined Teflon blocks are used as placeholders for bigger
cutouts.
Nomex honeycomb

Multifunctional core elements (8 in total)

Teflon
blocks

Manufacturing rail
Final part
contour edge

Bore holes
Pockets
Labelling
Puzzle joints

Figure 8.5: Pre-assembled multifunctional core elements made with SLS. The
pre-assembled core consists of eight structural honeycombs with integrated functionalities including bore holes, final part edge, labelling,
joints and pockets. The manufacturing rail and the teflon blocks are
removed in the final machining.
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A total of 42 inserts were designed for SLM including a series of DZUS
fasteners with an integrated wire, which may be placed horizontally or
vertically (Fig. 8.6). Two inserts are inspired from tree-roots and should
provide a mechanical interlock with the CFRP plies at the support strap.
A series of wing shaped inserts are used for load introduction in the sandwich structure. The smaller wing-shaped inserts are used in areas where
only limited space is available (e.g. in webs). A lightweight version uses
trusses which results in weight savings of 64% compared to the solid insert. Six inserts with complex form fits were designed. The bore holes for
the attachments of these inserts are oriented in the vertical plane of the
sandwich. Some inserts combine two load introduction points in one part
to reduce the part count. All inserts are manufactured from stainless steel
and do not require any additional support structures during SLM production.
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DZUS fastener

Wire

Wing-shaped insert

Root-inspired insert

2 bores in 1 insert
Figure 8.6: SLM inserts that are integrated during the layup including DZUS,
wing-shaped, tree-roots inspired, and inserts with complex form fits.
The inserts are used to attach components and instruments to the
panel.

The inserts are inserted into the pre-assembled honeycomb core elements. During the layup, the bottom facings are placed on the tooling plate.
Then, the pre-assembled insert-core structure is placed on top of the bottom facings. The inserts sticking out of the sandwich are pinned to the aluminum blocks (Fig. 8.7). To provide a quasi-continuous transition from the
sandwich structure to the monolithic support strap, a structural AM tool is
integrated into the SLS core element. This AM element is solid at the bottom to bear out-of-plane loads and features holes on top to make the struc-
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ture lightweight. In the next step, six top facings are placed on the core (Fig.
8.8). The AM honeycombs have integrated roof webs which provide an
increase surface area for bonding the facings to the honeycomb core (Section 4.2.5). Therefore no additional adhesive is required (co-curing). The
layup pattern of the top facings is a result of structural optimization. The
critical areas (e.g. support straps) are reinforced with additional patches.
Moreover, additional patches are placed at the outer contour of the panel
to provide the structure with a constant thickness where it is attached to
the aircraft. Cutouts in the top facings were considered during the design
phase providing the inserts with sufficient clearance.

Integrated tooling for
support strap

Integrated pocket with
lightweight SLM insert

Pin-positioning using
SLM inserts

Figure 8.7: Panel during layup. Three simple tooling blocks are used to position
the cores. The SLS core features integrated transition elements for the
layup of the support strap prepregs, pockets with integrated SLM
inserts. The inserts are used to position the whole component using
pins.
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Support stratp with
integrated insert
with mechanical
interlock

Patch reinforcement on facings at
the outer edge of the panel,
positioning using inserts and
simple tooling blocks

Detail view on cut out in
top facings

Figure 8.8: Near-net shape panel with structurally optimized top facings. The
root-inspired insert is integrated during the layup in the support
strap. Additional reinforcements are used to provide a constant contour thickness of the panel. Cutouts are considered during the design
in the facings to provide sufficient clearance for the inserts.

Vacuum bagging is applied and the part is cured at 100 °C and 1.5 bar.
The part is heated at a rate of 1 °C/min, held at 100 °C for 2 h and cooled
down to room temperature at a rate of 1°C/min (Fig. 8.9). Next, the part is
demolded and the final contour is machined. The final aircraft instrument
panel is depicted in Figure 8.10.

8.1 aircraft instrument panel

a) Aircraft instrument panel with vacuum bagging prior to autoclave curing

b) Machining the final contour of the aircraft instrument panel

Figure 8.9: Panel with vacuum bag prior to autoclave curing at a pressure of 1.5
bar and 100 °C (a). Machining of the final contour of the cured panel
to generate final shape and tolerance (b).
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Figure 8.10: Final AM-CFRP instrument panel resulting in weight savings of
40.6%, part count reduction of 50% and work step reduction of up
to 55%.

8.1.7

Results

Part count reduction by 50% - from 2 to 0.9 parts per interface (PPI)
Figure 8.11 compares the number of parts of the demonstrator panel to
the aluminum reference panel. Results indicate that the number of parts
is reduced by 50% from 118 to 59 parts. The integral panel made with
AM and CFRP is considered to be composed of the following parts: 8
additive honeycomb core elements, 7 conventional honeycombs, 2 CFRP
facings and 42 inserts. The aluminum panel uses 115 parts to provide 49
attachment interfaces for instruments and 8 interfaces for the mounting
of the two sheet metal support straps. Therefore 2.02 parts per interface
(PPI) are necessary for the differentially designed instrument panel. The
demonstrator panel manages 49 interface points with 42 additive inserts,
which results in 0.86 parts per interface. This is around 2.3 times less parts
per interface. Due to the integration of the support straps eight interface
points are saved. In the differential design two rivets are required to position and fix one rivet nut, compared to the combined approach where
one insert is plugged into the additive core. Furthermore, additive manufacturing allows to cover several interface points with one insert, thereby
pushing the PPI below one. This is how the number of joining elements
is reduced from 115 to 42 which corresponds to a decrease of 63.5% or 73
parts.

8.1 aircraft instrument panel
-50d
118
SLM Inserts
CFRP facings
Honeycombs
Additive cores
Rivet nuts and DZUS fasteners
Rivets
Sheet metal

Number of parts

33
42
59
82
42
2
3

7

8

Aluminum Hybrid AM-CFRP
reference panel
panel

Figure 8.11: Part count reduction by 50% for the AM-CFRP instrument panel.
The number of joining elements could be reduced from 115 to 42
parts, which can be expressed as the number of parts per interface
(PPI). The PPI decreased from approximately 2 to 0.9.

Assembly work step reduction by 50% to 55%
Fig. 8.12 shows the work steps for mounting one insert using a rivet nut
and an AM insert. For the aluminum panel, the rivet nut is positioned,
three holes are drilled and the rivet nut is fixed with two riveting operations, resulting in 6 work steps per interface. The panel features 23 rivets,
resulting in a total of 138 work steps. In the additive version, the insert is
positioned in the pocket of the AM core and after curing the facings are
removed by drilling, before tapping the thread. The number of necessary
work steps amounts to 3 per interface or 69 in total, corresponding to a
work step reduction for the mounting of connection points by 50%

153

154

case studies

Reference panel: rivet nut

AM-CFRP panel: wing insert

1x positioning
1x drilling through hole
1x tapping a thread

1x positioning
3x drilling
2x rivetting
6 steps per interface
x23 rivet nut interfaces
138 work steps

3 steps per interface
x23 interfaces
69 work steps

Work steps reduced by 50b
Figure 8.12: Number of work steps for mounting an interface with thread in the
aluminum (left) and the additive (right) version of the instrument
panel.

The second category of interfaces are metal rails featuring a metal wire
to mount turn-lock DZUS fasteners, displayed in Fig. 8.13. In the aluminum version, a recess is milled into the sheet metal part to ensure the
correct distance of the insert to the fastener. Then, four drilling operations
are performed and the insert is positioned and riveted to the base plate.
The number of work steps amounts to 8 for every interface or to 80 work
steps for the whole aluminum panel. In the additive version, certain rails
are split to save weight. The metal wire is directly 3D printed into the SLM
insert. It is positioned using a snap-fit joint in the SLS core. After curing,
a drilling operation is performed to remove the facings. Using integrated
snap fit joints reduces the number of work steps to two per interface or
36 for the AM-CFRP instrument panel. This corresponds to a work step
reduction of 55%.
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Reference panel: DZUS

AM-CFRP panel: DZUS

1x milling the recess
4x drilling
1x positioning
2x rivetting
8 steps per interface

1x positioning
in snap-fit
1x drilling through
facings
2 steps per interface

x10 DZUS fasteners

x18 DZUS interfaces6

80 work steps

36 work steps

Work steps reduced by 55w
Figure 8.13: Number of work steps for mounting a DZUS interface in the aluminum (left) and the additive (right) version of the instrument
panel.

Weight reduction by 40.6%
Figure 8.14 compares the weight of the aluminum reference panel to
the demonstrator panel manufactured in this research project. The weight
is subdivided in areal (sheet metal, sandwich) components and elements
used for connections and attachments (inserts). It can be seen that most
weight savings arise from the sandwich concept with CFRP. The structural
weight of the sandwich amounts to 716 g, including the CFRP facings and
both the additive and the Nomex honeycomb cores. This stands against a
sheet metal weight of 1335 g, resulting in weight savings of 46.4% or 619
g. This implies on the other hand, that the load introduction elements are
heavier in the demonstrator panel as they amount for 164 g compared to
146 g in the reference panel. This is an increase of 11.2% or 18 g. The results
show total weight savings of 40.6% or 601 g.
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1481 g
146 g

Mass in grams

156

Nomex honeycombs

880 g
1335 g

164 g

18 g

430 g

Load introduction
and joining elements
CFRP facings
Additive cores

268 g

Metal plates

Aluminum
Hybrid AM-CFRP
reference panel
panel
Figure 8.14: Weight reduction by 40.6% for the AM-CFRP instrument panel. The
CFRP sandwich concept has the biggest impact on weight. The load
introduction elements, made from steel, increased in weight compared to the aluminum reference.

8.1.8

Conclusions

In this section an aircraft instrument panel made of additive manufactured elements and CFRP prepregs was compared to a state-of-the Art
aluminum machined panel. Three main results are reported: First, the total number of parts is reduced by 50%, from 118 to 59 parts. Particularly,
the number of necessary parts per interface could be reduced from 2.02
to 0.86. Second, the number of work steps for the integration of a load introduction element could be reduced by up to 55%. Third, weight savings
of 40.6% were achieved through a CFRP sandwich design. These achievements are attributable to the application of the design principle: “integrated
positioning and fixation elements” presented in Chapter 6. This study demonstrates, that AM can successfully be used for the design of complex integral
hybrid structures.
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8.2

prosthetic knee

A novel manufacturing approach combining CFRP with AM for the development of a high-performance lower-limb prosthetic knee is presented.
The approach uses SLM of titanium powder for the production of load
introduction elements, FDM of ST-130 for the production of layup tooling,
and SLS for the integration of a functional element. The individual AM
parts are assembled and over-laminated with CFRP prepreg and cured in
the autoclave. Ultimate static and cyclic strength tests were conducted to
validate the mechanical performance of the structure. Two hypotheses are
formulated:
Hypothesis 1: "High-performance structures: The mechanical performance of AM-CFRP structures is equal or better compared to conventional designs."
Hypothesis 2: "Novel processing route: ST-130 tooling made by FDM
is autoclave-suitable."
This case study is based on the journal publication “Design and manufacturing of high-performance prostheses with additive manufacturing
and fiber-reinforced polymers” submitted for publication in Production Engineering: Research and Development.
8.2.1

Reference part: Mauch Knee

The Mauch Knee depicted in Fig. 8.15(left) is a passive knee that uses a
hydraulic cylinder to provide support during the stance and returns to an
extended position during the swing phase. The Mauch Knee weighs in total 1.14 kg, while the load-bearing frame consists of a machined aluminum
structure weighing 338 g. The knee is rated for active users weighing up to
136 kg. It is produced in low to mid volumes [131]. The aluminum frame
is a machined part (in black), that is covered with non-loadbearing plastic
elements (in white). A movable part is mounted on top of the knee to provide an attachment point to the socket. At the bottom, a metallic stud is
mounted providing a connection to the pylon. The Mauch Knee is a complex load-bearing part with integrated attachment points, which makes it
very suitable from a technical perspective for a redesign with AM and FRP.
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Figure 8.15: Mauch Knee [131] (left) and forefoot loading parameters according
to ISO 10328 [132] (right).

8.2.2

AM-CFRP design

The design concept combines the strengths of both the additive manufacturing and the prepreg layup technologies. FRP are materials with outstanding specific mechanical properties such as stiffness- and strength-toweight ratios if the fibers are oriented in the direction of the load. However,
the manufacturing of FRP parts requires tooling to form the part. Traditional toolmaking is costly and characterized by long lead times. Additive
manufacturing, on the other hand, allows complex-shaped tooling to be directly produced from digital data (see Section 2.2). For FRP laminates, the
integration of additional functionalities is possible with functional layers
that are laminated or embedded into the structure. Typical functions include damping, toughness, electrical and/or thermal conductivity, sensing,
and actuation to name a few [133] with applications ranging from protection from lightning strike [134] to icing [135]. While these are many options,
the integration of three-dimensional design features with a defined geometry is more difficult, such as it is the case for load introduction, positioning
and fixation elements. Here, the geometric freedom provided by AM is
advantageous as complex functional and load-bearing elements can be designed into one single part. The following division of tasks follows: FRP’s
are used in areas that require high strength and stiffness at low weight,
e.g. load-bearing shells, while AM is used in areas where high geometrical
complexities with additional functionalities are necessary. The design concept of the novel lower-limb prosthesis depicted in Fig. 8.16 includes two
load introduction elements, a functional element, a soluble tooling made
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by AM, a thin shell made of CFRP prepregs and a two-piece silicone mold.
The two load introduction elements (grey) connect the knee to the upper
socket and to the lower pylon. Furthermore, they host bearing seats with
tight tolerances, a stopper, and a stud. Therefore, they are made by metal
SLM. The load is introduced into the bearing seats and transferred into
the CFRP laminate via the bonding surfaces. The middle section (yellow)
consists of a CFRP prepreg shell, which serves as the load transfer. To manufacture such a curved structure, a soluble inner core is made by FDM. The
inner core (red) features form fits for the assembly of the load introduction
elements and a pocket for the insertion of a functional mock-up element
(green). Two silicon molds are used to compact the CFRP laminate during
curing and to minimize wrinkles.
Upper silicone mold

Load introductions 3SLM, Ti6Al4V0
with loctite film adhesive

lower

CF prepreg
upper
Temporary soluble core 3FDM, ST-1300

Functional element
3SLS, DuraForm HST0

Lower silicone mold
Figure 8.16: Design concept for the hybrid AM-CFRP lower-limb prosthesis.

159

160

case studies

Fig. 8.17 shows the detail design of the upper and the lower load introduction elements made by SLM. The section views on the left show
the as-built versions with temporary machining and processing aids depicted in purple. Support structures connect the load transfer surfaces and
therefore reduce the warping of the sides. Furthermore, they reduce vibrations of otherwise free edges during the machining of the parts. To counter
process-induced inaccuracies, a material offset is used at the location of the
bearing seats. To reduce the amount of support material, tear-drop shapes
are used for the vibration support and the bearing seats. The additional
material is then removed by machining. To save weight, hollow sections
are included in the stopper of the upper part and in the stud of the lower
part. An elliptical channel with two 3-mm powder extraction holes revolves
around the stud. Load transferring surfaces are designed in such way to
maximize the bonding surface to the CFRP material. Therefore a 0.8 mm
thin surface is selectively reinforced with stiffeners.
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a) Upper load introduction element
Load transfer surface
Vibration
support
Additional material
(tear-drop shape)

Bearing
seats

Clamping/handling
support

Hollow stopper

b) Lower load introduction element
Additional material
for machining
Local
stiffener
Bearing
seats

Section view,
as built

Load transfer
surface
Layup
reference
Stud

Hollow sections

Building
direction

Figure 8.17: Detail design of the upper (a) and lower (b) load introduction elements. The colored elements are support for the processing and the
machining. The basic design concept is a thin, shell-like structure
with maximum surface area for bonding the CFRP.

The inner core depicted in Fig. 8.18 is made by FDM with ST-130 soluble
material, a special polymer formulation proposed by Stratasys. It features
contact surfaces with an offset of 0.2 mm for the pre-assembly of the load
introductions. It also hosts the functional element that is plugged into the
core using integrated snap-fit joints. The CFRP layup consists of a symmetric base layup including prepreg fabrics and unidirectional plies. A total
number of 14 plies resulting in a thickness of 2.26 mm is used. The sides
are reinforced with 18 plies, resulting in a thickness of 2.82 mm.
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Contact surfaces
to load introductions

Functional
element

Base
S45f/45f/0/90/90/90/45f8s
14 plies, thickness: 2.26 mm
Side
S45f/45f/0/0/0/90/90/90/45f8s
18 plies, thickness: 2.82 mm
f: fabric, s: symmetric

Inner core by FDM

Figure 8.18: Inner core by FDM with contact surfaces for the preassembly of the
load introduction elements (left) and CFRP layup (right).

8.2.3

Loads

The structure is subjected to static and cyclic loading to verify its durability. The ultimate strength of the frame is assessed in accordance with the
standard ISO 10328:2006. In this test a static load is applied on the structure, "representing a gross single event, which can be sustained by the prosthetic
device but which render it thereafter unusable" [132]. The standard defines two
test loading conditions that are heel strike and forefoot loading. In this
study, the forefoot loading induced higher stresses in the structure, which
is why it was considered to be the critical load case. In this load case
an eccentric static load of FT = 5474 N is introduced into the test set-up,
corresponding to an additional safety factor of 36% to the test force defined in the standard. The variable FB is the reaction force along the load
line, and the geometrical configuration in accordance with the standard is
shown in Fig. 8.15,right. A cyclic test was conducted in accordance with
ISO 10328:2006. With a test frequency of 6 Hz a load between 50 N and
1614 N is applied on the structure for a minimum of n = 3x106 cycles.
Then, a final static proof force amounting to 2780 N is applied to verify
the residual strength of the structure. A simulation model of the structure
was made with ABAQUS replicating the test set-up conditions in the ultimate strength test (Fig. 8.19). The loads resulting from the test force at the
top of the part are introduced into a rigid beam multi-point constraint element. The stopper is constrained in the upward direction and the bearing
seats are allowed to rotate around the 1-direction. The stud at the bottom
of the part is fully constrained. The composite layup was modeled as a
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single surface using triangular S3R and quadrilateral S4R shell elements.
The classical theory of laminated plates [17] is applied to model linear
elastic material behavior. The AM parts are modeled using C3D10 general purpose tetrahedral elements with 4 integration points. The bonding
area between the solid AM load introduction elements and the CFRP shell
elements is modeled using a tie constraint. The adhesive film applied in
the manufacturing of the hybrid component thus is not explicitly modeled.
However, the goal of the simulation was to assess and identify the weak
points of the structure, rather than developing a full in-depth simulation
model.
3

2

Rigid beam
Multi-point constraint

�2

�3
�3

�1

�2

Stopper

�1

1

�3 = 0
�1 = �2 = ��1 = ��2 = ��3 ≠ 0

Bearing seats
�1 = �2 = �3 = ��2 = ��3 = 0
��1 ≠ 0

CFRP - SLM interfaces
with tie constraint
Stud

�1 = �2 = �3 = ��1 = ��2 = ��3 = 0

Loads
Resulting forces �
�3
& moments
�3

��2
��1

�2
�1

�1 = 602 �

�1 = −185240 ���

�2 = 175 �

�2 = −33720 ���

�3 = −5419 �

�3 = −406445 ���

Figure 8.19: Simulation model of the prosthesis including boundary conditions
and loads.

8.2.4

Materials

The titanium alloy Ti6Al4V (CL 41TI ELI) by Concept Laser [136] was
used for the load introduction elements made by SLM due to its excellent
strength-to-weight ratio of around 260 kNm/kg. Static material properties
were taken from the data sheet, and fatigue properties were taken from re-
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search studies [137, 138]. The inner core is made of ST-130, a soluble plastic
for FDM processes, currently in development by Stratasys Ltd. [139]. The
material is specifically developed for in-autoclave tooling applications and
is claimed to be stable up to 121 °C at a pressure of 3 bar and up to 98 °C
at 6 bar. For the functional element, DuraForm HST Composite by 3D Systems was used due to its acceptable mechanical performance at elevated
temperatures (c.f. Chapter 5). For the composite layup, a uni-directional
carbon fiber epoxy prepreg (SIGRAPREG C U150-0/NF-E340/38%) [140]
and a carbon-fiber epoxy prepreg fabric (SIGRAPREG C W200-TW2/2E323/45%) [141] provided by SGL Group were used. An epoxy film adhesive (Loctite EA 9686 AERO) [142] was used to bond the SLM parts to
the composite. Table 8.3 shows the relevant material properties.
Material

Parameter

Ti6Al4V

Young’s Modulus

UD

Value

Unit

110

GPa

Yield strength

900 - 1200

MPa

Fatigue strength

210 - 555

MPa

140

GPa

Young’s Modulus 0°
Young’s Modulus 90°

Fabric

Loctite

8.4

GPa

Shear Modulus

5200

MPa

Poisson ratio

0.318

Tensile strength 0°

2400

MPa

Young’s Modulus 0°

62

GPa

Young’s Modulus 90°

60

GPa

Shear modulus

4670

MPa

Poisson ratio

0.03

Tensile strength 0°

950

MPa

Tensile strength 90°

900

MPa

Shear strength

40.7

MPa

Table 8.3: Material properties.
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Material

Parameter

Value

Unit

Ti6Al4V

Yield stress

900

MPa

CFRP UD

Strain parallel to fibers

1.2

%

Strain transverse to fibers

1.2

%

Shear strain

1.9

%

CFRP fabric

Loctite

Strain parallel to fibers

1.6

%

Strain transverse to fibers

1.6

%

Shear strain

1.6

%

Shear stress

40.7

MPa

Table 8.4: Material allowables [143]. The safety factor is included in the testing
load increased by 36% compared to the standard. Thus, the allowables
do not include a safety factor.

8.2.5

Simulation results

Fig. 8.20 shows the Von Mises stresses in the upper the lower load introduction elements under ultimate loading conditions. In general the stresses
are acceptable, as they are below the yield strength sy = 900 MPa. However two local effects are observed. First, at the edge of the stopper of the
upper load introduction element the Von Mises stresses locally amount up
to 1018 MPa. This effect may result from the sharp edge and the boundary
conditions of the simulation model. The vertical displacements of the upper surface of the stopper are constraint. As a downward load is acting on
the bearing seats, a rotation is around the bearing seat is initiated. The rotation however is restricted by the stopper yielding a compressive stress at
the edge of the stopper. The second critical effect is observed in the lower
load introduction part (b) where the Von Mises stresses amount up to 1409
MPa. This may be a result of the sharp edge, which acts as a notch effect
and may promote crack formation. It should be noted, that the stringer
which is integrated to the lower load introduction part exhibits significant
stresses. This may significate that the stringer supports the load-bearing
capability of the SLM part. In general, the simulation reveals that stresses
in the lower load introduction part are higher and that the bonding surface
is more utilized compared to the upper part.
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a) von Mises stresses in the upper titanium part
Max. Von Mises stress:
1018 MPa

b) von Mises stresses in the lower titanium part
Max. Von Mises stress:
1419 MPa

Figure 8.20: Von Mises stresses in the upper (a) and lower (b) titanium SLM
part. In the upper part, a compressive stress peak is found at the
stopper, where the boundary condition is set. In the lower part a
compression-stress peak is found at a sharp edge which may yield
of the material.

Fig 8.21 shows the max. in-plane strains in the critical CFRP layer. It can
be seen that the main loading the CFRP is compression. The maximum
in-plane strain is found at the edge of the brace to the base shell structure
amounting up to 1.089%. This value is below the allowable of 1.2% and
thus acceptable. Moreover, this geometrical effect may be reduced by including a radius when cutting the plies. A strain peak is found in the area
of the lower load introduction. The strain jump is located exactly where
the SLM part is ending. Moreover, the simulation reveals, that the lower
load introduction is more critical than the upper one. The maximum value
for the in-plane strain in the lower load introduction area is found is found
next to the bearing seat amounting up to 0.31%. All values are acceptable,
and thus it is expected that the hybrid part will withstand the testing load.
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Emax, inplane = 1.089e-2
Emax, inplane = 3.050e-3

Figure 8.21: Principal in-plane strain in the critical CFRP layer. The maximum
value amounts to approx. 0.11% at the edge of the brace to the base
layer. In the area of the lower load introduction the max. in-plane
strain amounts to approx. 0.31%. All values are acceptable.

8.2.6

Manufacturing

The manufacturing route consists of a sequential combination of selected
additive manufacturing techniques with the autoclave prepreg process. It
is illustrated in Fig. 8.22. Two load introduction elements were manufactured in titanium by SLM in a Concept LaserCusing machine by 3D Precision SA, Switzerland. The parts were mechanically removed from the
building platform. To retain the as-built surface roughness the areas reserved for the application of the adhesive film were covered during the
sand-blasting operation. The as-built surface roughness was measured on
a SURFCOM FLEX 50A machine from Zeiss. The average of the arithmetic
average R a amounted to 10.5 µm. To relieve residual stresses, the parts
were heat-treated in a chamber filled with argon gas. The parts were heated
at a rate of 5 °C/min, held for 2 h at 840 °C, and cooled down at a rate of
1°C/min to 500 °C, resulting in a total cycle time of 12 h. The SLM parts
were then clamped and machined to remove the temporary support structures. The inner core was manufactured by Stratasys using ST-130 material
on a Fortus 900mc machine using an extrusion nozzle with a resolution
of 0.330 mm (FDM process). The inner core was hand-sanded using 120
and 300 grit sand paper to smoothen the surfaces. It was sealed with Super Seal from Smooth-On [144] to prevent the resin inflow into the FDM
part during curing. A silicone mold was used as an outer mold to achieve
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a surface quality and a more continuous pressure distribution compared
to vacuum bagging. The silicone mold consists of two-pieces and was cast
using ProtoSil RTV 245 silicone from Altropol [145]. The silicone was cast
into a master mold made by FDM. The functional element was produced
by SLS. The single elements were then pre-assembled using the complex
form fits designed into the FDM washout tool. The SLM parts were previously cleaned with acetone. The CFRP prepregs were laminated on to the
assembly according to the plybook. A layer of film adhesive was placed between the SLM elements and the prepreg for a more ductile load transfer
behavior. The assembly and the layup were covered with the silicone mold.
The mold was wrapped in breather material and vacuum bagging was applied. The part was then cured in an autoclave: It was heated at a rate of
1 °C/min up to 110 °C, held for 200 min and cooled down at a rate of 1
°C/min. The total pressure applied to the layup during curing consisted of
1 bar vacuum and 3 bar autoclave pressure. After curing, the part was demolded and the inner core was dissolved for 15 hours in a circulation tank
containing a heated alkaline solution. The surfaces were manually finished
to obtain the final part.
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1

Production of individual parts

SLM load
introductions
FDM core
production

Heat
Sand
treatment
blasting
Sand paper grinding
for surface finish

FDM master models
for silicone mould

Machining
Sealing

Casting silicone
mould

SLS functional
element

2

Assembly layup and autoclave curing

Assembly
Adhesive and CFRP
layup
Vacuum bagging
and curing
3

Post-processing

Dissolve soluble
core

Surface
finishing

Final part

Figure 8.22: Manufacturing route. The SLM load introductions were fit onto the
inner tooling made with FDM. A film adhesive is applied between
the SLM titanium and the prepreg. The assembly was laminated
with CFRP prepregs and cured in the autoclave at 3 bar and 110 °C.
Then, the core was dissolved in an alkaline solution.

8.2.7

Results

Ultimate strength test exceeded by 40%
The goal of the ultimate strength test was to exceed a testing force of
5474 N in compression according to ISO 10328. The ultimate strength test
set-up is shown in Fig. 8.23. The structure failed at the interface of the lower
load introduction element to the CFRP reinforcement at a load of 7685 N,
which corresponds to approximately 140% of the targeted load. Fig. 8.24
shows a mixed failure mode including adhesive, cohesive and laminate
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failure. Adhesive failure areas are found to be close to the edge of the SLM
part (orange) and mostly consist of a small area only. A larger area shows
cohesive failure (blue) which is recognizable by adhesive residues. The mechanical loading condition consists of a combination of bending and compression. It is assumed that the compression loading induced compressive
shear stresses at the interface of the CFRP to the lower metal part. The
shear stresses should ideally be distributed across the entire surface area
of the adhesive film. However, in combination with the bending loading,
a peel-effect may have occurred. In such peel-effect, the peel stresses are
concentrated at the edge of the metal-CFRP interface, limiting the total interface strength to a very small zone of the adhesive. This effect could have
led to adhesive failure near the edge of the SLM part. The failure types observed in the laminate are delamination and fiber fracture. Delamination
may have occurred as a result of the peel-effect which probably induced
high transverse shear stresses. In order to predict the failure mode in detail,
a simulation model including the adhesive layer and failure mechanics for
the CFRP and the adhesive layer is necessary. No damage was observed at
the SLM part. The results from the simulation and the experimental testing
indicate that both SLM parts have potentials for further weight savings.
Load cell

Prosthesis

Load line

Figure 8.23: Ultimate strength test set-up.
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Adhesive failure

Cohesive failure

Laminate failure

Figure 8.24: Mixed failure at the interface of the lower load introduction element
and the CFRP including adhesive, cohesive and laminate failure.

Fatigue strength fulfilled
The second prototype passed the fatigue test, which was aborted after
reaching more than 3x106 cycles without any significant change in the
displacement or any observable failure of the structure. Table 8.5 shows
the number of cycles as well as the deformation at a minimum load of 50
N which represents the calibration load, and at a maximum load of 1614
N.
Stress cycles

u( Fmin=50)

u( Fmax=1614)

(-)

(mm)

(mm)

2500

0.00

2.30

389000

0.00

2.30

905500

0.00

2.30

1430500

0.09

2.21

1579500

0.09

2.21

3022000

0.01

2.29

Table 8.5: Test log of the cyclic test of the hybrid structure.

Weight reduction by 28%
The final prototype weighs 262 g, consisting of 80 g for the upper and 72
g for the lower titanium load introduction elements, and 110 g for the CFRP.
The weight of the mock-up element is excluded in this calculation. This
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corresponds to a weight reduction by 28% from the reference weight of 338
g. Simulation and testing results show that there is room for optimization
to further decrease the weight of the CFRP and the SLM components. The
CFRP layup is not optimized and simulations reveal that there are many
low-stressed areas. With optimizations, it is expected to have potential to
save further 20% resulting in a total weight of approximately 210 g, which
would correspond to total weight savings of around 38%.
Effortful Manufacturing
The clamping and machining of AM parts require particular attention if
the geometry is complex, contains thin walled structures, and if the material is rigid. These conditions were taken into account during the design
phase by including vibration supports. However, the upper SLM part could
not be clamped in a satisfactory way, as necessary clamping forces could
not be applied without facing the risk of distorting the part. To increase
the clamping stability, a bismuth alloy [146] with a low melting point of
70 °C was melted over hot water and poured into the fixture containing
the titanium part. The bismuth alloy solidified in the fixture and provided
a continuous load transfer of the machining forces throughout the whole
structure into the vice. After the machining, the titanium part and the fixture were placed in a 90 °C hot water both for 15 min to melt away the
bismuth alloy leaving no residual bismuth on the titanium or on the fixture.

Fixture

Bismuth alloy

Figure 8.25: Clamping of the upper load introduction element using aluminum
fixtures and a bismuth alloy.
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The FDM core was subjected to an autoclave pressure of 3 bar and a
temperature of 110 °C which, according to the supplier, the ST-130 material should endure. However, a number of cracks were manifested after
curing (Fig. 8.26a). The cracks occurred between the printing layers that
were delaminated. Furthermore, some deformations of the core structure
were observable; however, they were considered to be of minor relevance
as no influence on the part’s functionality could be identified. Resin accumulations were found in gaps and cavities, e.g. in the snap-fit element (Fig.
8.26b and in the lower load introduction cavity (Fig. 8.26b). They can lead
to a limited functionality or additional weight through excessive resin and
require manual removal during post-processing. We therefore recommend
to seal gaps and close cavities. The sealing of the FDM mold worked well,
as it could be washed out completely, which indicated that the resin did
not flow into the FDM core. The co-curing (without adhesive film) of the
functional element was successful, and the resin formed a load-bearing
bonding between the CFRP and the functional element. The laminate did
not show any wrinkles, indicating that using a silicone mold is a suitable
technique for distributing the pressure on complex geometries during the
curing stage.
a)

b)

c)

Figure 8.26: Crack in the FDM core after autoclave processing (a), resin accumulations in the functional element (b) and in the lower load introduction part (c).

8.2.8

Conclusions

A manufacturing approach combining AM with CFRP in an autoclave
layup process was presented and applied to lower-limb prostheses. The
mechanical performance of the prostheses were successfully verified in
ultimate strength and fatigue tests. The prostheses exhibit weight savings of 28%, with further weight reduction potentials through a CFRP
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layup optimization. Limits of the manufacturing approach are the thermomechanical stability of polymeric AM components subjected to autoclave
prepreg curing conditions. Load-transferring interfaces between AM components and the CFRP are of particular interest, and an experimental characterization is recommended. Finally, the design engineer should consider
the service operation of the part and its manufacturing process during the
design phase. To fully leverage the advantages AM has to offer, clamping
and machining concepts should be incorporated in the design. In conclusion, the mechanical feasibility has been shown for lower-limb prostheses
and in the near future the approach could be cost-competitive for lowvolume applications.
8.3

highly integrated robot leg

A hollow lightweight robot leg is presented in this case study. The processing route uses binder jetting to produce a water-soluble sand core for
the layup of autoclave prepreg composites. Tailored load introduction elements made by SLM with integrated functionalities can reduce the weight
and the part count. This case study primarily should highlight the following hypothesis:
Hypothesis: "Lightweight structures: Combining Additive Manufacturing and CFRP significantly contributes to the development of lightweight
structures"
This case study is based on the conference publication “Combining Additive Manufacturing with Advanced Composites for Highly Integrated
Robotic Structures", Procedia CIRP, vol. 50, 2016, pp. 402-407.
8.3.1

Highly integrated robot leg

The Hydraulically Quadruped (HyQ) robot was developed at the Italian
Institute of Technology (www.iit.it) to serve as a platform to study highly
dynamic motions such as running and jumping over rough terrain. HyQ
is about 1 meter tall and weighs 91 kg (Fig. 8.27). Each of its four legs has
three joints that are actuated by hydraulic cylinders [147]. The lower leg
consists of an aluminum tube that is pinned to two milled plates. It exists
in its second lightweight version and is structurally optimized.

8.3 highly integrated robot leg
a)

b)

Hip
assembly

Rotary
actuator
Upper leg

Lower leg

Figure 8.27: HyQ robot (a) and model of the leg structure (b).

8.3.2

AM-CFRP lower leg

A novel lower leg for a robotic structure is developed using additive
manufacturing and autoclave prepregs. The combined approach is used
in a way to benefit from the specific advantages of each material and production technology, resulting in a highly integrated lightweight structure
as shown in Figure 8.28. A titan part made by SLM is used for the load
introduction to withstand stress peaks and multi-axial loads. The bearing
fittings, necessary for attaching the lower leg to the upper robot structure,
are integrated into the titan part. An aluminum stopper limits the flexion
of the lower leg. The inner tooling is made of a binder jetted water soluble
sand core. An aluminum insert featuring a thread for mounting the Misumi foot is pinned to the sand core. CFRP prepregs cover the titan load
introduction, the core and the aluminum insert. The load is transferred
from the titan part into the CFRP shell where biaxial bending is the dominant loading condition.
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Misumi foot
CFRP prepreg
SLM titanium load introduction
with integrated bearing seats

Aluminum
stopper

Machined aluminum
insert
Water soluble sand core
produced with Binder Jetting
Assembly
with pin

Figure 8.28: Concept of a lower leg made with AM and CFRP.

8.3.3

Design analysis

The critical load case is the flying trot, where the robot runs at a speed
of 3 to 4 m/s. Diagonal leg pairs move together and the robot lifts off completely between the steps. The robot lands on two diagonal legs, inducing
a highly dynamic and cyclic load into the lower leg structure. The global
ground reaction forces are measured for the load case of the flying trot
and transformed into a local coordinate system of the lower leg displayed
in Figure 8.29. With the selected foot, no bending moments are present at
the ground. The local ground reaction forces consist of normal forces in
x1 direction and of lateral forces in the direction of the the local z1 and y1
axis. (blue and black).
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Figure 8.29: Local ground reaction forces acting on the lower leg.

The two local lateral forces are combined for every measurement point
to a resulting lateral force that is fully described by its absolute force value
and a corresponding angle. The resulting forces are used to calculate the
principal bending moments for every data point. Figure 8.30a shows the
polar plot of the principal bending moments over the corresponding angle.
Two rough box section profiles are designed to withstand the biggest bending moments in the outmost angles. Splines join the profile. The smoothed
profile is shown in Figure 8.30b.
a) Principal bending moments

b) Cross section of the SLM part

Box sections
Resulting bending moments

105

205

305 (Nmm)

Figure 8.30: Principal bending moments with corresponding angles and overlaid rough profile (a); Cross section of smoothed profile (b) at the
highest bending moment.
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The three data points with the highest bending moments are selected as
the limiting design loads, shown in Table 8.6.
Load vector

Fx,1 (N)

Fy,1 (N)

Fz,1

Load triplet 1

- 565

465

801

Load triplet 2

- 632

302

842

Load triplet 3

- 499

402

788

Table 8.6: Design loads in local coordinate system.

The material allowables for the design are shown in table 8.6:
Material

Parameter

CFRP UD

CFRP fabric

Ti6Al4V

Value

Unit

Strain parallel to fiber

0.4

%

Strain transverse to fiber

0.4

%

Inter-laminar shear strength

75

MPa

Strain parallel to fiber

0.4

%

Strain transverse to fiber

0.4

%

Inter-laminar shear strength

75

MPa

Fatigue strength

300

MPa

Table 8.7: Material allowable for the CFRP and the Titanium

8.3.4

Critical load case

The result of the FEM analysis of the SLM part is shown in Figure 8.31.
The von Mises stress failure criteria is applied. High stresses occur in the
box sections. The maximum stress to be found is 330 MPa and is located
at an inner edge. This value is admissible and results in a safety factor of
1.51.
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Maximum Von Mises stress:
330.8 MPa

Figure 8.31: Von Mises failure criteria of the SLM part.

Figure 8.32 shows the strain in the critical UD ply. High strains occur
in the area of the load transmission between the titan part and the hollow composite shell. The absolute maximum amounts to - 0.19% which is
admissible and corresponds to a safety factor greater than 2.
Absolute max.
strain in fiber direction: - 0.194%

Figure 8.32: Maximum strain parallel to fibers in critical layer.
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8.3.5

Manufacturing

Selective laser melting of the load introduction
The SLM part is manufactured by 3D Precisions from a titanium alloy
Ti6Al4V powder on a Concept Laser M2 machine with a layer thickness of
30 µm. The part has a bounding box of 93 x 60 x 71 mm and the building time amounts to 40 h. Figure 8.33a shows the raw SLM part. The
support structure is removed mechanically. The part is sandblasted and
shot peened to improve its surface quality and its dynamic properties (Fig.
8.33b). The part is heat treated to release residual stresses at a rate of 5
°C/min, held at a 840 °C for 2h and cooled to room temperature at a rate
of 1 °C/min. The aluminum stopper is mounted to the SLM part and the
bearing fittings are machined. The final SLM part is depicted in Figure
8.33c.
As-built

Sandblasted
removed supports

Finished SLM part
Bolt

Aluminum stopper
Integrated
bearing seats

Figure 8.33: SLM part as-built (a), sandblasted (b) and with stopper and bolt
after heat treatment and machining (c).

Binder jetting of the sand core
Figure 8.34 shows the core made with an ExOne S-Max binder jetting
machine featuring a layer thickness of 0.28 - 0.38 mm. An inorganic, water soluble binder system was applied on Silica sand with a grain size of
0.14 to 0.19 mm. A water soluble sealing layer is sprayed on the printed
sand core and dried in the oven. The sealing process is repeated five times
amounting to a total sealing layer thickness of approximately 0.3 mm. The
core features four bore holes with a diameter of 4 mm each to attach the
foot insert. The SLM part is positioned via the step and fixed with a bolt.
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Interfaces to foot (left)
and load introduction (right)

Figure 8.34: Sealed sand core made with Binder Jetting for the layup of
prepregs.

Autoclave layup process
The sand core, the stopper, the SLM part and the foot insert are assembled and fixed with pins. A glass fiber fabric is draped around the foot
insert to prevent contact corrosion between the carbon plies and the aluminum. The net-shape cut prepreg plies are draped on the parts according
to the ply-book. A four-part silicone mold is casted and used to enclose
the part. The assembly is vacuum bagged and cured in the autoclave at 2
bar and 80°C. The part is heated at a rate of 1 °C/min, held at 80 °C for
10h and cooled down to room temperature at a rate of 1 °C/min. Next, the
upper silicone mold is opened. The sand core is washed-out after curing
and the part was polished to obtain an appealing surface finish. The final
part is depicted in Figure 8.36.
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Stopper

CFRP prepreg
Foot insert

Sand core

Silicone mold

Figure 8.35: Laminated part with core and silicone mould.

Figure 8.36: Final hybrid AM-CFRP structure with washed-out core

8.3.6

Results

Weight reduction by 54.3%
Figure 8.37 compares the weight of the optimized aluminum reference
part with the demonstrator leg manufactured in this research. The part
is divided into components that are within and without the design scope.
The latter remain unchanged and amount to 159 g of fixed weight: these
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are the bolt, the foot, the stopper, the bearing and the downholders. Within
the design scope are the load carrying aluminum structure and the bearing fittings that weigh 714 g. The total weight of the lower aluminum leg
amounts to 873 g. This stands against 399 g when made with AM and
CFRP. The CFRP weighs 60 g, the SLM part weighs 161 g and the foot insert amounts to 19 g, resulting in 240 g. This corresponds to weight savings
of 66.4% or 474 g within the design scope, respectively. shows total weight
savings of 54.3% or 474 g.
- 54.3 a
873 g

682

399 g
60
32
56

Aluminum
lower leg

Aluminum structure
CFRP
SLM part
Foot insert
Bearing fittings

161
28

60

19

Bearings B downholders
Stopper
Foot
Bolt

15
AM-CFRP
lower leg

Figure 8.37: Weight reduction by 54.3%. The biggest impact on weight was generated through material selection and through the possibility of generating load-oriented profiles.

SLM part deviation up to 2.1 mm
Figure 8.38 shows the deviation of the circular surfaces of the SLM titan part before and after stress-relief annealing compared to the nominal
distance. It can be seen that the deviation increases further away from the
base plate. The graph shows a maximum deviation greater than 1.6 mm
at the top of the part. The deviation of 2.1 mm at the tip of the part when
heat treated indicates thermally induced inner stresses.
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Figure 8.38: Deviation of functional surfaces before and after heat treatment.

8.3.7

Processing recommendations

The approach combining AM with CFRP is analyzed along the manufacturing process by using the example of the lower leg. Based on the results
of the first prototype, the following recommendations are given for further
improvements:
Binder jetting of the sand core
Binder jetting of sand materials shows limited possibilities for the integration of functional elements compared to other AM technologies such
as FDM. This is due to the brittleness of the sand material that cannot
withstand concentrated loads. Furthermore the resolution of the process
is limited by the size of the sand grains that is in the area of one to two
tenth of a millimeter compared to a particle size of approximately 60 µm
for polyamide powders used in selective laser sintering [148]. It is therefore recommend to avoid interfaces with concentrated loads and to use
interfaces with greater surfaces such as tapered cones. It is recommended
to use a different tooling technology e.g. for areas where tight positional
tolerances are necessary.
Warping of the SLM part
Parts made with SLM are prone to warping as the high internally induced stresses distort the material. This can result from material accumulations that depend on the cross sectional area of the powder layer. Design rules for steel recommend to avoid cross sectional areas greater than
Alimit = 400 mm2 [149]. Figure 8.39 shows the cross sectional area of the
SLM part at the locations z = - 21.8 mm, z = 0 and z = + 21.8 mm. The
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three cross sections are compared to the slope of the deviation curve from
Figure 8.38. It can be seen that the deviation increases sharply near the
midpoint z = 0, which is the location with the greatest cross sectional area
A2 = 447.7 mm2 . This seems to confirm one cause of the part deviation
being accumulated material. However, deviations are observed for cross
sections below the suggested value, indicating that the thermally induced
residual stresses are more distinct for titan. To minimize part deformation,
we recommend the following design strategies:
• Reduce material accumulations: Substitute material with structures
of lower density (eg. lattices) where admissible by design.
• Reduce length of heat flux: Use support structures to lead the heat
flux directly in the base plate. This reduces part deformation during
build up. Consider breakage points to simplify its removal.
• Include supports for the stabilization during SLM manufacturing
and heat treatment. Remove the support only after heat-treatment,
when most internal stresses were relieved.

A1

A2

z = -21.8 mm
A1 = 288.4 mm2

A3

z = 0 mm
A2= 447.7 mm2

z = 21.8 mm
A3= 128.5 mm2

Figure 8.39: Cross sectional areas of the SLM titanium part.

Layup
The prepreg is cut to net-shape eliminating further machining steps and
composite waste. The complex geometry makes hand layup a suitable technique to form a reinforcement without wrinkles or tears but the following
considerations should be taken into account:
• The hand layup for complex shapes necessities a skilled operator.
• Draping on complex shaped tools can lead to deviated fiber angles
resulting in locally different mechanical properties.
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• The design is limited by the draping characteristics of the reinforcement.
• Ply complexity can be reduced by making more but simpler geometries.
• Silicone moulds work well on concave geometries and ensure sufficient laminate compaction.
Autoclave curing
The required curing time depends on the resin system and often shows
a logarithmic relation to the curing temperature. Industrial autoclave processes typically use a curing temperature of 120 °C which would reduce
the cycle time for the SGL epoxy prepreg resin E022 used in this research
to only 50 min. This enhances the economic efficiency of the process. Increasing the autoclave pressure reduces the void content and therefore improve the mechanical properties. However, the upper limits in terms of
temperature and pressure are not yet available for printed and sealed sand
materials. Furthermore, differences in the coefficient of thermal expansion
between the materials can lead to shape distortions and stresses when processed at high temperatures.
Removing the sand core
The sand core has a volume of 287 cm3 and is dissolved in tap water
within one hour. Fig. 8.40a shows sand solidifications on the inside of the
CFRP shell as a consequence of incomplete sealing. Resin entered the sand
core and solidified during curing. Such accumulations are removed mechanically, making accessibility a key issue. To avoid this effect, an increase
of the number of sealing layers is recommended.
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a)

b)

Figure 8.40: Sand solidifications due to incomplete sealing of the sand core (a)
and SLM part with clamping jig (b).

Final machining
High demands on surface qualities and part tolerances require machining of parts made by SLM. Therefore the machining operation should be
considered during the part design. Figure 8.40b shows the clamped SLM
part. Perpendicular alignment of the planes simplifies clamping. The plane
of the building platform can preferably be used as a reference plane since
parts are typically removed by wire eroding. Demands for flatness and
parallelism tolerances require sufficient allowances for machining. In the
depicted part 1 mm allowance per side was considered to encounter process induced part deviations. It is recommended to consider the location
of functional surfaces in areas with low deviations to minimize necessary
allowances.
8.3.8

Conclusions

In this case study a novel manufacturing route combining additive manufacturing with CFRP prepregs was investigated and applied to a hollow
robotic leg structure. Binder jetting is used to produce a water soluble
sand core for autoclave processing. SLM is used for a tailored load introduction element. The following results are drawn: First, weight savings
of 54.3% are achieved compared to a state-of-the art aluminum leg. Second, the approach opens doors to novel lightweight designs. The technical feasibility of complex load orientated structures at low tooling cost
is demonstrated. However, there are some limitations: Sealing technology
has to be improved to eliminate resin inflow during curing. Furthermore,
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the binder jetting technology with water soluble sand materials has to be
characterized for higher autoclave pressures and temperatures to increase
the efficiency of the process.
8.4

summary

This chapter presented three case studies from aerospace, prostheses and
robotics that applied the essential design concepts, material data and the
design principles presented earlier in this thesis. This chapter addressed
the research question on assessing the added value of AM-CFRP:
RQ 5: What is the added value of AM-FRP in structural applications
on system level?
The case studies demonstrated that the combination of AM with CFRP
can yield in lighter structures, made with fewer parts that are mechanically
competitive to state-of-the Art reference structures. It was demonstrated
that the design for processing principle “Integrated positioning and fixation
elements” is effective when applied to components with a high number of
interfaces. The integration of such elements reduced the part count by 50%
and the assembly steps by up to 55% for the case of the aircraft instrument panel. Results show that the combination of AM and CFRP yields in
significant weight savings ranging between 28% and 54%, dependent on
the application. The main driver weight savings are the freedom of designing load-oriented structures with AM and the use of high-performance
lightweight materials (CFRP). Moreover, AM offers an efficient way to integrate load introduction areas in FRP structures by combining FRP with
AM. While the processing routes allow for great freedom in design, they
involve many steps and require knowledge and skilled operators. Three
tooling techniques, including structural cores made with SLS and soluble
cores made with FDM and Binder Jetting were investigated. Today, the
thermal stability of AM polymers and the sealer of the sand core are insufficient for the application of typical industrial and aerospace cure cycles.
Further processing challenges include the clamping and the machining
and of metallic parts made with AM. The goal these case study was to
validate the mechanical performance and the assess the added value of
AM-FRP structures. All three case studies have additional potential for
weight savings, which can be exploited with more precise simulation and
optimization models. Moreover, future work should be dedicated in the
design of an efficient manufacturing process for small volume production.

CONCLUSIONS AND OUTLOOK

9.1

9

conclusions

The studies performed in this thesis aimed to develop the necessary
methods and knowledge for the development of the technology combining
AM with CFRP. In this thesis the research problem was regarded from
the perspective of the product development process with the final goal to
implement the approach in structural components. The research therefore
included the elaboration of design concepts for the combination of AMCFRP technologies, the investigation of fundamentals and the application
to components and products for validation. This thesis argues, that the
combination of AM with CFRP in a layup process allows highly integrated
lightweight structures to be developed. The research questions associated
with this hypothesis were formulated in the introduction and are revisited:
RQ1: Which novel design concepts arise from the combination of
strengths?
The following three major design concepts leveraging the advantages of
AM are identified (c.f. Chapter 2):
• Additive-manufactured tooling for the fabrication composite structures promise the production of fast, on-demand tooling, reducing
the lead times compared to conventional tooling techniques. Complex parts often require complex tooling, which involves many steps
with conventional techniques. However, AM tooling is limited by material properties (CTE), accuracy, tool size and life, which is why todays applications are mostly limited to prototyping.
• Structural cores with added functionalities for sandwich structures
are identified to be promising for lightweight applications with a
high number of interfaces. Moreover, the structural performance of
AM cores as well as the CFRP laminates can easily be tailored to local loads, which may result in lightweight structures with excellent
specific mechanical properties. However, the absence of adequate design tools makes the development of such structures challenging and
optimized weight efficient designs based on AM-CFRP are not yet
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available in literature. Autoclave curing conditions present an important processing challenge for cores made of polymeric today’s AM
materials.
• Load introduction elements require particular consideration in the
design of lightweight FRP structures. AM is found to be a suitable
technique for the design of shape and stiffness optimized load introduction elements yielding in lighter and better structural connections
for extreme weight-sensitive applications compared to state-of-the
Art machined elements.
RQ2: What are fundamental processing challenges?
Based on the design concepts, the fundamental challenge for the processing of polymeric materials made by AM in a FRP layup process was
addressed (c.f. Chapter 5). The curing step is an important consideration
when inserting polymeric AM parts in a FRP layup process where heat and
pressure is applied on the layup. In this thesis an approach for the thermomechanical characterization of polymeric parts made by AM is proposed.
Engineering properties including tensile, flexural and creep properties for
the design of hybrid structures were investigated for three commercially
available AM materials at elevated temperatures. Based on the material
properties, processing recommendations for a honeycomb unit cell made
by SLS are calculated for a given displacement. This approach allows to
predict the expected deformations for a given pressure and temperature
over time of the material.
RQ3: How to design lightweight structures with superior mechanical
performance?
A key question towards the application of AM-CFRP in industrial applications is whether superior structures in terms of weight and structural
integrity can be achieved. Structures made of AM polymers exhibit densities that are around 20 times higher than the density of state-of-the art
structural foams. This is due to the fact, that polymeric foams have cell
wall thicknesses of around 0.1 mm, while the minimal wall thickness that
can be achieved with SLS amounts to approximately 0.5 mm. Thus, the
design has a particularly important role in exploiting the freedom in design provided by AM in order to reach a superior lightweight solution. To
compare the mechanical performance of AM-CFRP structures to state-ofthe art references, hat-stiffeners with structural cores made by AM were
over-laminated with CFRP prepregs, cured in the autoclave and subjected
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to three-point bending loading. The mechanical performance was assessed
experimentally by comparing the weight, the breaking load and the bending stiffness to a reference design consisting of a machined foam core with
CFRP facings. Various AM core designs were created including honeycombs, trusses oriented along the direction of principal stresses, hollow
structures filled with salt, as well as a machined foam core with a local
load introduction element made by AM. Results showed an increase in the
specific fracture load ranging from 54% to 107%, a weight reductions by
up to 5% and an increased specific bending stiffness by up to 41%. The
design strategy strongly affects the specific mechanical properties. While
the designs based on SLS cores only exhibit an excellent mechanical performance in terms of stiffness and breaking load; the elevated core weight
significantly reduces the specific properties. The main reason lies in the
processing of the assembly at a pressure of 2.5 bar and 100 °C, which
is a critical load case for the SLS cores made of PA12 or blends of PA12
material. The design effort for a lightweight structure that exhibits only
small displacements during the processing, is considerable. And so is the
amount of material necessary to withstand the processing load. In the principal stress design approach 65.5% of the core weight is required to meet
the processing requirements. The material remains mostly unloaded during the three-point bending load case. Decreasing the processing pressure
by 1 bar did not significantly affect the void content and the fiber volume
fraction, and led to weight savings of 33%. However, in absolute values
none of the SLS cores can compete with the weights of the foam core.
The hybrid core design exhibits outstanding properties in terms of specific
stiffness and satisfies the load requirement. It shows how an incremental
design change yields a significant effect in the mechanical performance.
It furthermore involves only a small design change compared to state-ofthe art structures and can be integrated into existing production processes.
The AM insert employed in such hybrid structure may be optimized to
reduce stress peaks and may have integrated internal structures, which is
not possible by inserting a machined element instead. The hybrid core concept may thus be the concept with the greatest industrial relevance on a
short-term perspective. The hollow designs using removable curing aids
(e.g. salt) may represent a change of paradigm. The salt core approach exhibits an increase in the specific stiffness by 18% and in the specific first
failure load by 290%. The salt core design is characterized by low design
effort, when compared to the honeycomb and the principal stress designs.
Limitations include access for filling the salt prior to curing and dissolv-
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ing it afterwards. The concept of combining of filling a thermally resistant
material with a high compression modulus into a 3D-printed hull allows
highly complex hollow structures to be created. A disadvantage is the hull
that may remain in the structure and does not contribute a lot to the function of the part. Summarizing, the mechanical performance of AM-CFRP
structures can be equal or better than state-of-the art structures with simple shapes in terms of breaking load, stiffness and weight. In addition to
the mechanical superiority, geometrical complexity can be achieved without additional significant effort. Tailoring the mechanical properties to the
loads is a key aspect in reaching a lightweight design. However, the selection of the design strategy strongly depends on the curing conditions, the
load cases and the geometrical complexity of the part.
RQ 4: How can AM support the fabrication of composite structures?
The fabrication of composite structures in a prepreg layup process involves a high number of work steps to be carried out by skilled operators
during layup, handling, curing and post-processing. However, the process
offers a great design flexibility and complex-shaped components can be
produced. For each category (layup, handling, curing, post-processing) one
major design principle is proposed.
• The first design principle is the “integration of positioning and fixation
elements” into a AM core structure. It is found to reduce the assembly
effort for inserts and embedded load introduction elements.
• The second principle are “layup and handling aids” which provide the
operator a clear reference, when laying down the reinforcement plies.
Moreover, by integrating layup tooling into the core structure, they
support the operator in laminating complex shapes.
• The third principle “integrated structural curing aids” support the layup
assembly in withstanding the processing loads and may be removed
after curing. Their role is to keep the geometrical integrity and minimize displacements of the laminate. They include oriented support
structures (e.g. oriented honeycombs), stiffeners, and anti-telegraphing
structures.
• The fourth principle supporting the fabrication of composite structures are “integrated post-processing aids” which reduce the post-processing
effort. The example of a lightweight insert with an integrated breakaway pin is presented. The pin pierces the reinforcement layup prior
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to curing and is removed afterwards by turning. A hole is set free,
without having to drill through the fibers. This example shows how
AM can be used to eliminate drilling operations during post-processing.
Additive manufacturing can support the fabrication of composite structures by “designing for processing”: these processing aids may reduce the
number of assembly steps, increase the efficiency during lamination, and
reduce the complexity of conventional tooling.
RQ5: What is the added value of AM-CFRP in structural applications
on system level?
While the previous research questions addressed fundamental issues
and principles on structural elements, this question addressed the validation of the AM-CFRP technology on system level. It aimed at identifying
the added value on system level and comparing it to the state-of-the art.
Three case studies were described including an aircraft instrument panel,
a lower-limb prosthesis and a robot leg structure. A hypothesis was formulated for each case study to assess the added value for the specific component. Combining AM and CFRP in layup processes on system level revealed four value-adding dimensions on the performance and the processing side, namely the mechanical strength, the weight, the part count and
the assembly steps. The example of the aircraft instrument panel demonstrated that AM-CFRP can yield in highly integrated structures reducing
the part count by 50% and the assembly steps by 55%. Moreover, it was
demonstrated for a lower-limb prosthesis that AM-CFPR structures successfully can withstand ultimate static and cyclic strength tests, thereby
validating its mechanical performance. Finally, the example of a robot leg
exhibits weight savings by 54% compared to an aluminum reference design, highlighting the excellent potential for lightweight design. In conclusion, the combination of additive manufacturing with CFRP leads to novel
extremely lightweight designs with high structural complexity. It can significantly contribute to the reduction of the number of parts and allows
complex structures to be manufactured with simple tooling, e.g. by the
well-established autoclave prepreg process. The combination of AM-CFRP
is an integral design approach that reaches excellent lightweight potential
through a high structural complexity.
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Figure 9.1: Lightweight design approaches. The combined approach AM-CFRP
is an integral design approach reaching high structural complexity.

9.2
9.2.1

outlook
Material properties

In this thesis the mechanical properties of three commercial materials
for FDM and SLS have been investigated at elevated temperatures. The investigations show that the currently commercialized materials do not fully
satisfy the requirements for end-use purpose combination with autoclaveprepregs in terms of thermo-mechanical properties. Extending the material characterization to high-temperature materials (e.g. PEEK, PEI) and
to compression properties will enlarge the pressure-temperature envelope
during processing. PEI-based materials (ULTEM) processed by FDM exhibit desirable properties, however, the costs are high, the accessibility is
limited and the freedom in design is restricted by support structures. Future research should include the development of thermo-mechanically stable materials that are processed via AM in general. In particular materials
for SLS are interesting for the design of lightweight structures, as SLS allows very complex geometries and defined design features to be created
with a very few design restrictions only.
9.2.2

AM process-related limitations

In addition to the material properties, the freedom of design plays an important role in utilizing the full potential of the combination of technolo-
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gies. However, the design is affected by AM-process-specific restrictions
such as the need for supports (SLM, FDM), the accuracy and the minimal
wall thickness. The example of the wall thickness is used to exemplify how
the process-related limitations affects e.g. the weight of a design. While
structures made of AM polymers are can be much stiffer and stronger than
foams, they exhibit a unit cell density that is around 20 times greater. The
honeycomb unit cells presented in chapter 4 attempt to highlight a design
solution that has appropriate mechanical properties in terms of strength
and stiffness. The wall thickness of the cells amounts to 0.35 mm, which
is one of the thinnest producible dimensions with SLS. The density of the
unit cell amounts to 162 kg/m3 which is still 3.1 times the density of the
Rohacell IG 51 foam. In the case of the honeycomb cells, the design reaches
the processing limit. Future research could further push the processing restrictions in order to be capable of producing load-bearing geometries with
features having dimensions of around 0.1 mm. Moreover, the design of AM
unit cells has further potential to reduce weight. Future AM honeycombs
may include holes or cell walls with varying thickness to further optimized
their specific mechanical properties.
9.2.3

Removable cores via AM

The manufacturing of complex hollow CFRP structures requires complex tooling. Additive manufacturing of removable cores for the layup and
the curing of CFRP is a promising approach for the fabrication of complex
CFRP parts. Three techniques were investigated in this thesis including
binder jetting a water-soluble sand core, printing a chemically soluble thermoplastic material via FDM, and compacting table salt into a hull made by
SLS. Existing approaches often have some drawbacks such as the complex
and unsatisfactory sealing process, the chemical removal, the high cost or
the limited accuracy. The approach combining salt in combination with
a SLS hull is found to be low-cost, sustainable and effective. It combines
the precision of SLS, allows design features to be integrated, and exhibits
the excellent thermo-mechanical properties of salt. The main drawback is
the hull remaining in the final structure, adding additional weight with
little functionality. Future research could systematically investigate materials and processes that combine the thermo-mechanical stability with a
shape-giving function and easy removability in an effective, cost-efficient
and sustainable matter.
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9.2.4

Load introduction design and mechanics

Load introduction elements and interfaces in multi-material solutions
are of particular interest in lightweight design. While well-established design solutions and guidelines exist (e.g. for sandwich panels), the combination of AM and CFRP opens fully new design and optimization possibilities with dramatic implications on the complexity of the resulting interfaces. This includes materials with graded properties and mechanical
interlocking at micro (e.g. interphases, sutures), meso- (e.g. pinning) and
macro-scale (e.g. form fit). Understanding these interfaces requires a multiscale approach, including material modeling and characterization.
9.2.5

Efficient design process

AM has the potential to create individualized and optimized inserts for
sandwich structures. However, the design of highly integrated structures
with a high number of optimized inserts (e.g. aircraft instrument panel),
is today characterized by an extensive design effort. Although every insert
fulfills the same functionality of providing an attachment point, the design of each is specific when tailored to the local loads. The design effort
thus increases with the number of inserts, or more generally with the number of parts. A design tool that combines functional surfaces (e.g. threads,
bores) with a load-optimized shape would significantly reduce the design
time. The same applies to the design of structural cores with integrated
functionalities (e.g. pockets). A design tool would streamline the design
process and be of great value in the design of complex-shaped multifunctional structures. An aspect that was not considered in depth in this thesis
is the holistic optimization of CFRP and structural cores made with AM.
Various approaches for the optimization of the orientation, the layup and
the arrangement of CFRP reinforcements are available and topology optimization often is used to design AM structures. However, most approaches
for CFRP are based on 2D-surfaces or shells, whereas AM structures typically are represented with 3D solids. The combination of AM-CFRP offers
more design freedom and thus more design parameters to optimize. Moreover, the design parameters influence each other (e.g. laminate properties
and AM core properties). A combined approach would take into consideration the interaction of both, the 3D core and the 2D layup in order to find
an optimal design solution. This however, requires simple optimization
tools to efficiently design lightweight AM-CFRP hybrid structures.

9.3 final remarks

9.2.6

Efficient manufacturing process

A variety of manufacturing routes has been experimented within this
thesis, including binder jetting, selective laser sintering, selective laser melting and fused deposition modeling. Common to these technologies is the
direct production of tooling and cores from digital models. However, the
combination of AM with CFRP in the layup process is complex and involves many steps. Each AM process requires post-processing operations
(e.g. heat treatment and machining for SLM). Furthermore the interfaces
between the individual AM parts have to be mastered in order to have
a functioning assembly. The designer has to consider that complex geometries are more difficult to laminate, which is the actual limitation of
layup surface complexity. In this thesis, the autoclave curing process was
considered to manufacture high-performance structures. While this process is a state-of-the art and robust manufacturing technique, it requires
high investments, has a low throughput, and has a considerable thermomechanical loading on the AM elements. To lower the entry-barrier of
the AM-CFRP technology for industrial applications in small series, future research should investigate the development of an efficient overall
AM-CFRP manufacturing process. This may include the investigation of
pre-fabricated CFRP parts, or hand layup processes at low curing temperatures. Summarizing, to promote the transfer of the technology into
industrial applications, the entry-barrier has to be lowered by focusing on
a more efficient manufacturing process.
9.3

final remarks

This thesis represents the first entry-step into a wide field containing
a multitude of unexplored technical opportunities such as novel design
concepts and manufacturing routes. It considered the combination of AMCFRP from the perspective of the product development process. However,
the author tried to consider fundamental issues as well as design aspects,
always keeping in mind a target application on component level. Considering the applications, the combination of additive manufacturing with
carbon fiber-reinforced polymers is found to be a suitable approach for the
manufacturing of structural components that have to be
• load-bearing,
• lightweight,
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• complex-shaped and
• dispose of integrated functionalities.
Moreover, the component is ideally produced in low volume and reaches
a high customer value through individualization. Target applications are
therefore found in the area of robotics, flying vehicles, aerospace and biomedical structures. It can be envisioned that advances on this topic will permit
to efficiently design and manufacture highly-individualized, lightweight
structural components providing mechanical and functional advantages to
a large variety of applications.
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material properties
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Table A.1: Thermo-mechanical material properties of three commercial polymeric materials for AM assessed for the processing in FRP layup
processes. * means ultimate tensile strength. Refer to Chapter 5.

199

200

appendix

a.2

mechanical properties of hat-stiffeners

Design concept
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Table A.2: Absolute and specific failure loads, and bending stiffness. Specific properties are divided by the overall structural weight. D: increase/decrease in %. Refer to Chapter 7.
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[27] M. Lušić, K. Schneider, and R. Hornfeck, “A case study on the capability of rapid tooling thermoplastic laminating moulds for manufacturing of cfrp components in autoclaves,” Procedia CIRP, vol. 50,
pp. 390–395, 2016.
[28] A. Hassen, J. Lindahl, J. Chen, B. Post, L. Love, and V. Kunc, “Additive manufacturing of composite tooling using high temperature
thermoplastic materials,” SAMPE Conference Proceedings, Long Beach,
CA, May 23-26, pp. 2648–2658, 2016.
[29] N. Lakshman and M. Pankow, “3d printed dissolvable molds for
composite applications,” SAMPE Conference Proceedings, Long Beach,
CA, May 23-26, p. 1156 – 1165, 2016.
[30] “Fdm for composite tooling, design guide.” http://www.stratasys.
com/landing/composite-tooling. Accessed: 2017-06-20.
[31] M. T. Leddy, J. T. Belter, K. D. Gemmell, and A. M. Dollar,
“Lightweight custom composite prosthetic components using an additive manufacturing-based molding technique,” in Engineering in
Medicine and Biology Society (EMBC), 2015 37th Annual International
Conference of the IEEE, pp. 4797–4802, IEEE, 2015.
[32] “Soluble cores and mandrels for hollow composite parts – technical
application guide..”

203

204

bibliography

[33] “Advanced ceramics manufacturing, a guide to product lines.” http:
//acmtucson.com/. Accessed: 2017-06-20.
[34] “Sacrificial tooling and mandrels composite part fabrication – design guide..” http://www.stratasys.com/solutions/
additive-manufacturing/tooling/composite-tooling. Accessed:
2017-06-21.
[35] “Nevada

composites.”
http://www.nevadacomposites.com/
products.php. Accessed: 2017-06-21.

[36] J. J. Morena, “Mold fabrications,” Wiley Encyclopedia of Composites,
2011.
[37] K. Katnam, L. Da Silva, and T. Young, “Bonded repair of composite
aircraft structures: A review of scientific challenges and opportunities,” Progress in Aerospace Sciences, vol. 61, pp. 26–42, 2013.
[38] R. A. Schapery, “Thermal expansion coefficients of composite materials based on energy principles,” Journal of Composite Materials, vol. 2,
no. 3, pp. 380–404, 1968.
[39] X. Zeng and J. Raghavan, “Role of tool-part interaction in processinduced warpage of autoclave-manufactured composite structures,”
Composites Part A: Applied Science and Manufacturing, vol. 41, no. 9,
pp. 1174–1183, 2010.
[40] “3d systems, duraform hst composite spec sheet..” https://www.
3dsystems.com/materials/duraformr-hst-composite.
Accessed:
2016-11-01.
[41] “3d systems, duraform pa spec sheet..” https://www.3dsystems.
com/materials/duraformr-pa. Accessed: 2016-11-01.
[42] “Accuratus, coefficient of thermal expansion of silica sand.” http:
//accuratus.com/fused.html. Accessed: 2017-06-22.
[43] T. Schniepp, “Design guide development for additive manufacturing (fdm) of composite tooling,” SAMPE Conference Proceedings, Long
Beach, CA, May 23-26, pp. 2259–2269, 2016.
[44] “Voxeljet, vx4000 - the world’s biggest industrial 3d printer.” http://
www.voxeljet.com/3d-printing-systems/vx4000/l. Accessed: 201706-22.

bibliography

[45] “Exone, s-max industrial production 3d printer.” http://www.exone.
com/Systems/Production-Printers/S-Max. Accessed: 2017-06-22.
[46] “Stratasys,

fortus
900mc.”
http://www.stratasys.com/
3d-printers/production-series/fortus-900mc.
Accessed: 201706-22.

[47] “Eos, eos p 770 - high productive laser sintering system for parts
of up to one meter in length.” https://www.eos.info/systems_
solutions/eos-p-770. Accessed: 2017-06-22.
[48] “Baamci, big area additive manufacturing, fact sheet.” https://www.
e-ci.com/baam. Accessed: 2017-06-22.
[49] A. Petras, Design of sandwich structures. PhD thesis, University of
Cambridge, 1999.
[50] J. R. Vinson, “Sandwich structures: past, present, and future,” in
Sandwich structures 7: advancing with sandwich structures and materials,
pp. 3–12, Springer, 2005.
[51] A. S. Herrmann, P. C. Zahlen, and I. Zuardy, “Sandwich structures
technology in commercial aviation,” in Sandwich structures 7: Advancing with sandwich structures and materials, pp. 13–26, Springer, 2005.
[52] B. J. Kim et al., “Development of a satellite structure with the sandwich t-joint,” Composite Structures, vol. 92, no. 2, pp. 460–468, 2010.
[53] H. Fan, F. Meng, and W. Yang, “Sandwich panels with kagome lattice
cores reinforced by carbon fibers,” Composite structures, vol. 81, no. 4,
pp. 533–539, 2007.
[54] B. Wang, L. Wu, L. Ma, Y. Sun, and S. Du, “Mechanical behavior
of the sandwich structures with carbon fiber-reinforced pyramidal
lattice truss core,” Materials & Design, vol. 31, no. 5, pp. 2659–2663,
2010.
[55] R. Mines, S. Tsopanos, E. Shen, S. McKown, W. Cantwell, W. Brooks,
and C. Sutcliffe, “On the performance of micro lattice structures as
core materials in sandwich panels subject to low velocity impact,” in
Proceedings of the 17th International Conference on Composite materials
(ICCM-17), pp. 27–31, 2009.

205

206

bibliography

[56] K. F. Karlsson and B. TomasÅström, “Manufacturing and applications of structural sandwich components,” Composites Part A: Applied
Science and Manufacturing, vol. 28, no. 2, pp. 97–111, 1997.
[57] A. Vaidya, U. Vaidya, and N. Uddin, “Impact response of threedimensional multifunctional sandwich composite,” Materials Science
and Engineering: A, vol. 472, no. 1, pp. 52–58, 2008.
[58] D. T. Queheillalt, G. Carbajal, G. Peterson, and H. N. Wadley, “A
multifunctional heat pipe sandwich panel structure,” International
Journal of Heat and Mass Transfer, vol. 51, no. 1, pp. 312–326, 2008.
[59] B. Han, Z.-J. Zhang, Q.-C. Zhang, Q. Zhang, T. J. Lu, and B.-H. Lu,
“Recent advances in hybrid lattice-cored sandwiches for enhanced
multifunctional performance,” Extreme Mechanics Letters, 2016.
[60] W. Liu, F. Zhang, L. Wang, Y. Qi, D. Zhou, and B. Su, “Flexural
performance of sandwich beams with lattice ribs and a functionally
multilayered foam core,” Composite Structures, vol. 152, pp. 704–711,
2016.
[61] F. Riss, J. Schilp, and G. Reinhart, “Load-dependent optimization of
honeycombs for sandwich components–new possibilities by using
additive layer manufacturing,” Physics Procedia, vol. 56, pp. 327–335,
2014.
[62] J. V. Nygaard and A. Lyckegaard, “Sandwich beam with a periodical
and graded core manufactured using rapid prototyping,” Journal of
Sandwich Structures & Materials, vol. 9, no. 4, pp. 365–376, 2007.
[63] R. R. Williams, W. E. Howard, and S. M. Martin, “Composite sandwich structures with rapid prototyped cores,” Rapid Prototyping Journal, vol. 17, no. 2, pp. 92–97, 2011.
[64] T. Li and L. Wang, “Bending behavior of sandwich composite structures with tunable 3d-printed core materials,” Composite Structures,
vol. 175, pp. 46–57, 2017.
[65] H. Janssen, T. Peters, and C. Brecher, “Efficient production of tailored structural thermoplastic composite parts by combining tape
placement and 3d printing,” Procedia CIRP, vol. 66, pp. 91–95, 2017.

bibliography

[66] G. Kress, P. Naeff, M. Niedermeier, and P. Ermanni, “The onsert:
A new joining technology for sandwich structures,” Composite structures, vol. 73, no. 2, pp. 196–207, 2006.
[67] H. Schürmann, Konstruieren mit Faser-Kunststoff-Verbunden. Springer,
2005.
[68] S. Heimbs, A. Nogueira, E. Hombergsmeier, M. May, and J. Wolfrum,
“Failure behaviour of composite t-joints with novel metallic arrowpin reinforcement,” Composite Structures, vol. 110, pp. 16–28, 2014.
[69] G. Kress, P. Naeff, M. Niedermeier, and P. Ermanni, “Onsert strength
design,” International journal of adhesion and adhesives, vol. 24, no. 3,
pp. 201–209, 2004.
[70] A. Ebnöther, “Optimization of a metallic insert for composite-metal
joints,” Semester thesis, Product Development Group | Zurich, ETH
Zürich, 2006.
[71] E. Relea, L. Weiss, R. Kussmaul, M. Zogg, G. Ramstein, and K. Wegener, “Precisely adjustable inserts for stiffness-driven cfrp sandwich
structures,” Procedia CIRP, vol. 66, pp. 294–299, 2017.
[72] P. Parkes, R. Butler, J. Meyer, and A. de Oliveira, “Static strength
of metal-composite joints with penetrative reinforcement,” Composite
Structures, vol. 118, pp. 250–256, 2014.
[73] R. Kießling, J. Ihlemann, M. Pohl, M. Stommel, C. Dammann,
R. Mahnken, M. Bobbert, G. Meschut, F. Hirsch, and M. Kästner,
“On the design, characterization and simulation of hybrid metalcomposite interfaces,” Applied Composite Materials, vol. 24, no. 1,
pp. 251–269, 2017.
[74] A. Spierings, G. Levy, L. Labhart, and K. Wegener, “Production of
functional parts using slm–opportunities and limitations,” in 5th International Conference on Advanced Research in Virtual and Rapid Prototyping (VRAP), pp. 785–790, 2011.
[75] J. Gebhardt and J. Fleischer, “Experimental investigation and performance enhancement of inserts in composite parts,” Procedia CIRP,
vol. 23, pp. 7–12, 2014.

207

208

bibliography

[76] M. Ferrari, “Mit additiven verfahren hergestellte krafteinleitungselemente für rotorblätter für windenergieanlagen,” Semester Thesis, Laboratory of Composite Materials and Adaptive Structures, ETH Zürich, 2014.
[77] F. Gafner, “Mit additiven verfahren hergestellte krafteinleitungselemente für sandwichstrukturen,” Semester Thesis, Laboratory of Composite Materials and Adaptive Structures, ETH Zürich, 2014.
[78] M. Ferrari, “Structurally optimized and additively manufactured inserts for sandwich panels of spacecraft structures,” Master Thesis,
Laboratory of Composite Materials and Adaptive Structures, ETH Zürich,
2015.
[79] L. J. Love, V. Kunc, O. Rios, C. E. Duty, A. M. Elliott, B. K. Post, R. J.
Smith, and C. A. Blue, “The importance of carbon fiber to polymer
additive manufacturing,” Journal of Materials Research, vol. 29, no. 17,
pp. 1893–1898, 2014.
[80] E. Atzeni and A. Salmi, “Economics of additive manufacturing for
end-usable metal parts,” The International Journal of Advanced Manufacturing Technology, vol. 62, no. 9, pp. 1147–1155, 2012.
[81] L. Stringer, “Optimization of the wet lay-up/vacuum bag process
for the fabrication of carbon fibre epoxy composites with high fibre
fraction and low void content,” Composites, vol. 20, no. 5, pp. 441–452,
1989.
[82] P. Olivier, J. Cottu, and B. Ferret, “Effects of cure cycle pressure and
voids on some mechanical properties of carbon/epoxy laminates,”
Composites, vol. 26, no. 7, pp. 509–515, 1995.
[83] D. Stone and B. Clarke, “Ultrasonic attenuation as a measure of void
content in carbon-fibre reinforced plastics,” Non-destructive testing,
vol. 8, no. 3, pp. 137–145, 1975.
[84] A. Chambers, J. Earl, C. Squires, and M. Suhot, “The effect of voids
on the flexural fatigue performance of unidirectional carbon fibre
composites developed for wind turbine applications,” International
Journal of Fatigue, vol. 28, no. 10, pp. 1389–1398, 2006.
[85] T. Sriapai, C. Walsri, and K. Fuenkajorn, “Effect of temperature on
compressive and tensile strengths of salt,” ScienceAsia, vol. 38, no. 2,
pp. 166–174, 2012.

bibliography

[86] L. F. C. Durão, A. Christ, R. Anderl, K. Schützer, and E. Zancul,
“Distributed manufacturing of spare parts based on additive manufacturing: Use cases and technical aspects,” Procedia CIRP, vol. 57,
pp. 704–709, 2016.
[87] S. H. Khajavi, J. Partanen, and J. Holmström, “Additive manufacturing in the spare parts supply chain,” Computers in industry, vol. 65,
no. 1, pp. 50–63, 2014.
[88] R. Kussmaul, “Structural optimization, internal research,” Laboratory
of Composite Materials and Adaptive Structures, ETH Zurich.
[89] R. Roy, S.-J. Park, J.-H. Kweon, and J.-H. Choi, “Characterization of
nomex honeycomb core constituent material mechanical properties,”
Composite Structures, vol. 117, pp. 255–266, 2014.
[90] I. Masters and K. Evans, “Models for the elastic deformation of honeycombs,” Composite structures, vol. 35, no. 4, pp. 403–422, 1996.
[91] K. Evans, “The design of doubly curved sandwich panels with honeycomb cores,” Composite Structures, vol. 17, no. 2, pp. 95–111, 1991.
[92] S. Schrade, K. Dätwyler, M. Stücheli, K. Studer, D. Türk, M. Meboldt,
R. Gassert, and O. Lambercy, “Development of varileg, an exoskeleton with variable stiffness actuation: First results and user evaluation
from the cybathlon 2016,” Journal of Neuro Engineering and Rehabilitation, submitted, 2017.
[93] S. Heimbs and M. Pein, “Failure behaviour of honeycomb sandwich
corner joints and inserts,” Composite Structures, vol. 89, no. 4, pp. 575–
588, 2009.
[94] F. C. Campbell Jr, Manufacturing processes for advanced composites. Elsevier, 2003.
[95] T. Bitzer, Honeycomb technology: materials, design, manufacturing, applications and testing. Springer Science & Business Media, 2012.
[96] T. Stankunas, D. Mazenko, and G. Jensen, “Cocure investigation of a
honeycomb reinforced spacecraft structure,” in International SAMPE
Technical Conference, 21 st, Atlantic City, NJ, pp. 176–188, 1989.
[97] H.-M. Hsiao, S. Lee, R. Buyny, and C. Martin, “Development of core
crush resistant prepreg for composite sandwich structures,” in 33 rd
International SAMPE Technical Conference, pp. 440–451, 2001.

209

210

bibliography

[98] “Southco, dzus fastening system.” https://www.southco.com/
en-au/d5. Accessed: 2017-07-30.
[99] B. Ellis and R. Smith, Polymers: a property database. CRC Press, 2008.
[100] “Stratasys, absplus p430 datasheet.” http://www.stratasys.com/
materials/fdm/absplus. Accessed: 2016-08-03.
[101] M. Schmid, Selektives Lasersintern (SLS) mit Kunststoffen: Technologie,
Prozesse und Werkstoffe. Carl Hanser Verlag GmbH Co KG, 2015.
[102] D. E. ISO, “Din en iso 527-1:2012, plastics - determination of tensile
properties - part 1: General principles (iso 527-1:2012,” 2012.
[103] D. E. ISO, “Din en iso 899-2:2003, plastics - determination of creep
behaviour - part 2: Flexural creep by three-point loading (iso 8992:2003 + amd.1:2015,” 2003.
[104] T. A. Osswald and G. Menges, Materials science of polymers for engineers. Carl Hanser Verlag GmbH Co KG, 2012.
[105] H. Brinson and L. C. Brinson, Polymer engineering science and viscoelasticity. Springer, 2016.
[106] S. Mazumdar, Composites manufacturing: materials, product, and process
engineering. CrC press, 2001.
[107] N. Lammens, M. Kersemans, I. De Baere, and W. Van Paepegem,
“On the visco-elasto-plastic response of additively manufactured
polyamide-12 (pa-12) through selective laser sintering,” Polymer Testing, vol. 57, pp. 149–155, 2017.
[108] H. Amel, H. Moztarzadeh, J. Rongong, and N. Hopkinson, “Investigating the behavior of laser-sintered nylon 12 parts subject to dynamic loading,” Journal of Materials Research, vol. 29, no. 17, pp. 1852–
1858, 2014.
[109] I. Durgun and R. Ertan, “Experimental investigation of fdm process for improvement of mechanical properties and production cost,”
Rapid Prototyping Journal, vol. 20, no. 3, pp. 228–235, 2014.
[110] T. Rechtenwald, F. Niebling, D. Pohle, and G. Esser, “An investigation into laser sintering of peek,” Proc. LANE, Erlangen, pp. 485–496,
2004.

bibliography

[111] S. P. Timoshenko and S. Woinowsky-Krieger, Theory of plates and shells.
McGraw-hill, 1959.
[112] R. Mahnken and C. Dammann, “A three-scale framework for fibrereinforced-polymer curing part ii: Mesoscopic modeling and macroscopic effective properties,” International Journal of Solids and Structures, vol. 100, pp. 356–375, 2016.
[113] S.-H. Ahn, M. Montero, D. Odell, S. Roundy, and P. K. Wright,
“Anisotropic material properties of fused deposition modeling abs,”
Rapid prototyping journal, vol. 8, no. 4, pp. 248–257, 2002.
[114] C. Klahn, D. Singer, and M. Meboldt, “Design guidelines for additive
manufactured snap-fit joints,” Procedia CIRP, vol. 50, pp. 264–269,
2016.
[115] K. Potter, “Understanding the origins of defects and variability in
composites manufacture,” in International Conference on Composite Materials (ICCM)-17, Edinburgh, UK, 2009.
[116] R. Voß, M. Henerichs, S. Rupp, F. Kuster, and K. Wegener, “Evaluation of bore exit quality for fibre reinforced plastics including delamination and uncut fibres,” CIRP Journal of Manufacturing Science and
Technology, vol. 12, pp. 56–66, 2016.
[117] “Rohacell, ig-f 51 datasheet.” http://www.rohacell.com. Accessed:
2017-05-08.
[118] T.-H. Kwok, Y. Li, and Y. Chen, “A structural topology design
method based on principal stress line,” Computer-Aided Design,
vol. 80, pp. 19–31, 2016.
[119] J. M. Gere and B. J. Goodno, “Mechanics of materials 5th,” Brooks
Cole, 2001.
[120] M. Schmidt, D. Pohle, and T. Rechtenwald, “Selective laser sintering of peek,” CIRP Annals-Manufacturing Technology, vol. 56, no. 1,
pp. 205–208, 2007.
[121] S. Fish, J. C. Booth, S. T. Kubiak, W. W. Wroe, A. D. Bryant, D. R.
Moser, and J. J. Beaman, “Design and subsystem development of a
high temperature selective laser sintering machine for enhanced process monitoring and control,” Additive Manufacturing, vol. 5, pp. 60–
67, 2015.

211

212

bibliography

[122] J. Harper, N. Miller, and S. Yap, “The influence of temperature and
pressure during the curing of prepreg carbon fiber epoxy resin,”
Polymer-Plastics Technology and Engineering, vol. 32, no. 4, pp. 269–275,
1993.
[123] Z.-S. Guo, L. Liu, B.-M. Zhang, and S. Du, “Critical void content
for thermoset composite laminates,” Journal of Composite Materials,
vol. 43, no. 17, pp. 1775–1790, 2009.
[124] J.-M. Tang, W. I. Lee, and G. S. Springer, “Effects of cure pressure
on resin flow, voids, and mechanical properties,” Journal of composite
materials, vol. 21, no. 5, pp. 421–440, 1987.
[125] A. Chatterjee, S. Kumar, P. Saha, P. Mishra, and A. R. Choudhury,
“An experimental design approach to selective laser sintering of low
carbon steel,” Journal of Materials Processing Technology, vol. 136, no. 1,
pp. 151–157, 2003.
[126] H. Ho, I. Gibson, and W. Cheung, “Effects of energy density on morphology and properties of selective laser sintered polycarbonate,”
Journal of Materials Processing Technology, vol. 89, pp. 204–210, 1999.
[127] W. Dewulf, M. Pavan, T. Craeghs, and J.-P. Kruth, “Using x-ray computed tomography to improve the porosity level of polyamide-12
laser sintered parts,” CIRP Annals-Manufacturing Technology, vol. 65,
no. 1, pp. 205–208, 2016.
[128] B. Shaw and S. Dirven, “Investigation of porosity and mechanical
properties of nylon sls structures,” in Mechatronics and Machine Vision in Practice (M2VIP), 2016 23rd International Conference on, pp. 1–6,
IEEE, 2016.
[129] “Schütz industry services. honeycomb technical data sheet.” https:
//www.schuetz-composites.net. Accessed: 2017-07-13.
[130] E. A. S. Agency, “Certification specifications for normal, utility, aerobatic, and commuter category aeroplanes,” 2012.
[131] “Össur

iceland ehf, mauch knee specifications.” https:
//www.ossur.com/prosthetic-solutions/products/all-products/
knees-and-legs/mauch-knee. Accessed: 2017-01-14.

[132] ISO, “En iso 10328 standard, prosthetics. structural testing of lowerlimb prosthesis. requirements and test methods,” 2006.

bibliography

[133] R. Gibson, “A review of recent research on mechanics of multifunctional composite materials and structures,” Composite structures,
vol. 92, no. 12, pp. 2793–2810, 2010.
[134] M. Gagné and D. Therriault, “Lightning strike protection of composites,” Progress in Aerospace Sciences, vol. 64, pp. 1–16, 2014.
[135] M. Mohseni and A. Amirfazli, “A novel electro-thermal anti-icing
system for fiber-reinforced polymer composite airfoils,” Cold Regions
Science and Technology, vol. 87, pp. 47–58, 2013.
[136] “Concept

laser,

cl

41ti

eli

titanium

alloy

data

sheet.”

http://www.conceptlaserinc.com/wp-content/uploads/2014/
10/120621_CL-41TI_0612_Englisch_X3.pdf. Accessed: 2016-11-22.

[137] E. Wycisk, A. Solbach, S. Siddique, D. Herzog, F. Walther, and C. Emmelmann, “Effects of defects in laser additive manufactured ti-6al-4v
on fatigue properties,” Physics Procedia, vol. 56, pp. 371–378, 2014.
[138] H. Rafi, N. Karthik, H. Gong, T. L. Starr, and B. E. Stucker, “Microstructures and mechanical properties of ti6al4v parts fabricated
by selective laser melting and electron beam melting,” Journal of materials engineering and performance, vol. 22, no. 12, pp. 3872–3883, 2013.
[139] “Stratasys, ltd., st-130 datasheet..” http://www.stratasys.com/
materials/fdm/st-130. Accessed: 2016-11-22.
[140] “Sgl group, sigratex prepreg ce 1007-15-38 datasheet.”
[141] “Sgl group, sigratex prepreg c w200-tw/2-e323/45/3k datasheet.”
[142] “Loctite ea 9686 aero, data sheet.”
[143] “Structural substantiation report,” 2015.
[144] “Smooth-on, superseal data sheet.” https://www.smooth-on.com/
products/superseal/. Accessed: 2017-01-21.
[145] “Altropol, protosil rtv 245 silicone data sheet.” http://www.
altropol.de/wp-content/uploads/2016/11/E_RTV_245.pdf.
Accessed: 2017-01-21.
[146] “Witte
loy.”

weiguss

mould

clamping

technology,

bismuth

al-

https://www.witteamerica.com/products/vacuum/
mould-clamping-technology.php. Accessed: 2016-12-01.

213

214

bibliography

[147] C. Semini, “Hyq-design and development of a hydraulically actuated
quadruped robot,” Doctor of Philosophy (Ph. D.), University of Genoa,
Italy, 2010.
[148] S. Berretta, O. Ghita, K. E. Evans, A. Anderson, and C. Newman,
“Size, shape and flow of powders for use in selective laser sintering (sls),” High Value Manufacturing: Advanced Research in Virtual and
Rapid Prototyping, p. 49, 2013.
[149] G. A. Adam and D. Zimmer, “Design for additive manufacturing—element transitions and aggregated structures,” CIRP Journal
of Manufacturing Science and Technology, vol. 7, no. 1, pp. 20–28, 2014.

P U B L I C AT I O N S

PEER REVIEWED JOURNAL PUBLICATIONS:
1. Türk, D-A., Brenni, F., Zogg, M. and Meboldt, M.: "Mechanical characterization of 3D printed polymers for fiber reinforced polymers
processing". Materials & Design, vol. 118, pp. 256–265, 2017.
2. Türk, D-A., Kussmaul, R., Zogg, M., Klahn, C., Spierings, A., Könen, H., Ermanni, P. and Meboldt, M.: "Additive manufacturing with
composites for integrated aircraft structures". Journal of Advanced Materials, vol. 3, pp. 55–69, 2016.
3. Höfer, A., Esl, E., Türk, D-A., and Hüttinger, V.: "Innovative Fahrzeugkonzepte für Shanghais letzte Meile". ATZ-Automobiltechnische Zeitschrift,
vol. 117, no. 6, pp. 76–81, 2015.
CONFERENCE CONTRIBUTIONS:
1. Türk, D-A., Fontana, F., Rüegg, F., Gill, R.J. and Meboldt, M.: "Assessing the performance of additive manufacturing applications". Proceedings of the 21th International Conference on Engineering Design ICED, vol.
5, pp. 259–268, 2017.
2. Türk, D-A., Kussmaul, R., Zogg, M., Klahn, C., Leutenecker-Twelsiek,
B. and Meboldt, M.: "Composites part production with additive manufacturing technologies". Procedia CIRP, vol. 66, pp. 306–311, 2017.
3. Türk, D-A., Triebe, L. and Meboldt, M.: "Combining additive manufacturing with advanced composites for highly integrated robotic
structures". Procedia CIRP, vol. 50, pp. 402–407, 2016.
4. Türk, D-A., Züger, A., Klahn, C. and Meboldt, M.: "Combining additive manufacturing with CFRP Composites: design potentials". Proceedings of the 20th International Conference on Engineering Design ICED,
vol. 8, pp. 27–31, 2015.

215

216

bibliography

5. Türk, D-A., Leutenecker, B. and Meboldt, M.: "Experience the relevance of testing in engineering design education". Proceedings of the
10th International CDIO Conference, Universitat Politècnica de Catalunya,
Barcelona, Spain, June 16-19, 2014, no. 76, 2014.

