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Abstract: Additively manufactured polymer structures often exhibit strong anisotropies due to their
layered composition. Although existing methods in additive manufacturing (AM) for improving
the mechanical properties are available, they usually do not eliminate the high degree of structural
anisotropy. Existing methods for continuous fiber (cF) reinforcement in AM can significantly increase
the mechanical properties in the strand direction, but often do not improve the interlaminar strength
between the layers. In addition, it is mostly not possible to deposit cFs three-dimensionally and
curved (variable-axial) and, thus, in a path that is suitable for the load case requirements. There is a
need for AM methods and design approaches that enable cF reinforcements in a variable-axial way,
independently of the AM mounting direction. Therefore, a novel two-stage method is proposed in
which the process steps of AM and cF integration are decoupled from each other. This study presents
the development and validation of the method. It was first investigated at the specimen level, where
a significant improvement in the mechanical properties was achieved compared to unreinforced
polymer structures. The Young’s modulus and tensile strength were increased by factors of 9.1 and
2.7, respectively. In addition, the design guidelines were derived based on sample structures, and the
feasibility of the method was demonstrated on complex cantilevers.

Keywords: additive manufacturing; pultrusion; continuous fiber; structural optimization; lightweight
design; fused filament fabrication; fiber-reinforced polymer; thermoplastic polymer; thermoset polymer

1. Introduction

AM has gained significant importance in recent years and has now found broad
applications in various industries such as mechanical engineering, the automotive industry,
aerospace industry, medical industry, and consumer goods production. Compared to
conventional manufacturing processes, AM offers the ability to produce components
quickly and individually. The resulting flexibility in production allows companies to
quickly respond to customer demands and market developments. Additionally, AM enables
the realization of complex geometries and shapes that are difficult or even impossible to
produce with other manufacturing methods. Furthermore, AM allows for a more efficient
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utilization of resources and materials [1]. These advantages have led to the development
of numerous AM technologies, which are now utilized throughout the entire value chain,
including upstream and downstream processes [2].

While AM offers many advantages, there are deficiencies in the mechanical properties
of additively manufactured polymer components. In the AM process, the material is
deposited layer by layer, which can lead to a weaker interface between individual layers.
This leads to an attenuation of the structure in the mounting direction [3]. As a result,
anisotropies can occur in additively manufactured components, whereas conventional
polymer processing/manufacturing methods (such as unreinforced injection molding)
typically achieve nearly isotropic structures. Therefore, additively manufactured structures
generally cannot exhibit the same mechanical properties as components produced with the
same material using conventional manufacturing processes.

Intensive research has been and is being conducted to improve the mechanical proper-
ties of additively manufactured polymer components. Specifically tailored materials were
developed for AM, which exhibit a higher strength and durability, for example, by influenc-
ing the rheology through the compounding with additives [4-7]. Efforts also been made to
optimize the AM processes to achieve better interfaces between the layers, such as through
temperature control of the build chamber and build platform, as well as adjustments to the
extrusion temperature or layer thickness [8-11]. Post-processing steps such as annealing
are also considered to enhance the mechanical properties of the components [12]. Overall,
addressing the deficiencies in the mechanical properties is an important area of research to
further optimize AM and expand its application scope.

To overcome the deficiencies of a pure, unreinforced polymer in terms of its low me-
chanical properties, short fibers are often added to the polymer for structural reinforcement.
For example, in Selective Laser Sintering (SLS), short fibers are mixed with the polymer
powder [13-16], while in Fused Filament Fabrication (FFF), short fibers are added to the
filament or granulate [16-19]. Short fibers offer the advantage of being relatively easy to
process, increasing the mechanical properties in the direction of the fiber alignment, and
significantly reducing part warping and distortion. However, compounding with short
fibers does not contribute to an improvement in layer adhesion and therefore does not lead
to a significant increase in the mechanical properties of additively manufactured polymer
structures in the mounting direction.

The mechanical deficiencies prevent the realization of some applications, particularly
mechanically highly stressed structures [20]. Therefore, enhancing the mechanical prop-
erties can help to expand the range of applications for AM to further increase the already
high potential of AM. An improvement in the mechanical properties can be achieved,
particularly through the integration of cFs. AM processes utilizing cFs can achieve com-
parable tensile strengths to conventionally manufactured fiber-reinforced polymer (FRP)
structures [21]. Continuous carbon fibers are predestined, as they offer an exceedingly high
Young’s modulus as well as specific tensile strength compared to glass or Kevlar fibers,
for example.

Figure 1 illustrates AM methods in which cFs are processed for component reinforce-
ment. There is a possible classification according to the time and place of contact between
the fibers and the melt [22]. The filament extrusion process uses cF-reinforced thermoplastic
pre-impregnated filaments, known as towpregs. During extrusion, the towpreg is heated in
the print head, the matrix is melted, and then, it is deposited layer by layer [23,24]. At the
in situ impregnation process, dry cFs and a polymer filament are introduced separately into
the print head. By heating, the polymer is melted, the cFs are impregnated, and then, they
are deposited on the build platform [12,24]. In the dual extrusion process, a cF towpreg
and a thermoplastic filament are deposited on the build platform through separate print
heads [12,24]. The in situ co-extrusion process is characterized by the separate supply of
the polymer filament and towpreg to the print head. In the print head, the towpreg is
impregnated with the polymer matrix [25]. In situ consolidation is a scaled-down version
of an Automated Tape Laying (ATL) process for thermoplastics. Pre-made towpregs or
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prepreg tapes are consolidated during and after deposition by applying heat [26]. At inline
impregnation, dry fibers are pre-impregnated outside the print head, then transported into
the print head and subsequently deposited [22].

Filament extrusion In situ impregnation Dual extrusion
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Figure 1. Technologies for AM with cF reinforcement, inspired by [22].

The described cF-AM methods deposit the fibers during the AM process mainly
parallel to an even building plate. The in-plane deposition does not allow for the orientation
of reinforcing material in a three-dimensional direction. Additionally, the deficiency of the
layer interface strength in the mounting direction could not be improved either. There is
a need for AM methods and design approaches that enable cF composite reinforcements
in a three-dimensional curved (variable—axial) way, independently of the AM mounting
direction. A variable-axial orientation of the reinforcement fibers offers the advantage that
mechanical loads result in a more uniform distribution of stresses among the reinforcement
fibers, while the matrix material is subjected to lower stresses. The high specific stiffness
and strength of the fiber materials can consequently be optimally utilized. A significant
reduction in material usage and an increase in lightweight construction are demonstrated
by existing FRP processes that enable variable-axial fiber orientations (e.g., Tailored Fiber
Placement), in contrast to conventional processes with multi-axial layering [27]. In AM,
two-stage manufacturing processes have the potential to meet this demand by decoupling
the integration of a continuous fiber-reinforced polymer (cFRP) from the AM process. One
example is composite structures, where thermoplastic pre-impregnated unidirectional
tapes are melted onto a polymer basic structure fabricated using an extrusion-based AM
process [28,29].

The objective of this research is to develop and evaluate a novel two-stage method
for reinforcing additively manufactured polymer structures with a cFRP. The approach
decouples the process steps AM and cF implementation by inserting cFRP structures into
component-integrated channels of an additively manufactured polymer’s basic structure.
The orientation of the integrated cFRP structures into the additively manufactured polymer
structure corresponds to the principal stress lines of the load-bearing structure. The basic
component design, which is initially based on classical topology optimization, is supple-
mented by a load-adapted, variable—axial orientation of the reinforcing fibers within the
additively manufactured polymer structure.

The approach is mostly unexplored and distinguished by a high degree of novelty.
This study presents the investigations on the feasibility of the method, as well as on the
material characterization and the development of general design guidelines. In addition,
a demonstrative implementation is intended. For the design of the demonstrators, a
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numerical tool will be developed to optimize the arrangement and orientation of the
component-integrated cFRP. The demonstrators will be manufactured and analyzed, and
potential improvements for the novel method will be derived.

2. Materials and Methods

The research program for the development and validation of the novel method is
shown in Figure 2. The investigations start at the specimen level. The level of geometric
complexity of the sample structures is subsequently increased, and finally, a proof of
concept is provided by means of demonstrators.

Level of complexity

Investigations

Outputs

Specimen level

Tensile tests
Three-point bending tests
Compression tests

Numerical simulation
of the mechanical tests

Mechanical values
of the composite

Mechanical values
of the single layers

Sample level

Investigations on sample
structures with regard to channel
length and channel radius

Design guidelines

Demonstrator level

Structural optimization, design,
manufacturing, and validation
of two cantilever structures

Proof of concept

Figure 2. Research program for the development and validation of the novel method.

2.1. Manufacturing Method

The novel method was realized by using the manufacturing steps shown in Figure 3.
First, a basic polymer structure is additively manufactured. In the basic structure, component-
integrated channels are included. cF bundles are impregnated with a polymer matrix by
passing them through a resin bath filled with liquid matrix material. The impregnated cF
bundles are pulled through the component-integrated channels of the additively manufactured
basic structure by using a traction rope. This pultrusion process enables a high fiber-volume
ratio (FVR) to be realized. The matrix of the impregnated cF bundles cross-links within the
component and forms a solid FRP with the additively manufactured basic structure.

(d)

Figure 3. Process principle of the novel method for reinforcing additively manufactured polymer
structures with cFRP. (a) AM of polymer basic structure. (b) cF impregnation by pulling a cF bundle
through a resin bath. (c) Pulling impregnated cF bundles through component-integrated channels of
the additively manufactured basic structure. (d) Cross-linking of the matrix.

The described process was implemented on a laboratory scale and applied to produce
each of the specimens, sample components, and demonstrator structures described in this
study. In this laboratory process, the fiber bundles were manually pulled through the resin
bath and the additively manufactured channel structures using a wire.

2.2. Materials and Process Parameters

The objective of the study is to demonstrate the general feasibility of the two-stage
method described. To this purpose, material components are selected, which are versatile
and already established in AM as well as in cFRP fabrication and offer a good processability
in the respective sub-processes. In addition, the focus in this phase of research with a low
technology readiness level is on the use of materials that are available to a wide range
of users.

Fused deposition modeling (FDM) by the 3D printing machine Stratasys Fortus 900mc,
utilizing acrylonitrile butadiene styrene (ABS-M30-black from the company Stratasys,
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Eden Prairie, MN, USA) was used to fabricate the basic polymer structures. All samples
were printed with a layer height of 0.254 mm. The temperature of the installation chamber
was 95 °C, and the nozzle temperature was 320 °C. The CAD files were exported in STL
format and processed using the slicer software Insight 18.6 using single contour and
+45° / —45° solid rasters, which are typical default settings.

cFs of type HTS40 from the company Toho Tenax, Chiyoda, Japan, were used as rein-
forcing fibers. The epoxy resin L + hardener EPH 161 with a viscosity of 560 & 100 mPa-s
from the company R&G, Waldenbuch, Germany, was selected for impregnating the cFs.
The fiber impregnation and manually pultrusion process were performed at 20 °C. After
the pultrusion, all samples were stored at 20 °C for 24 h, then treated at 60 °C for 15 h and
stored again at 20 °C for at least 48 h.

Sufficient adhesion between the ABS structure and the cF-reinforced epoxy can be
assumed [30] for the proof of concept according to the objective of the study. A detailed
adaptation of the single material components is not the focus of the study. Further in-
vestigations regarding material modifications or substitutions should be expanded in
further studies.

2.3. Specimen Geometry and Mechanical Tests

Tensile, compression, and flexure specimens were designed in accordance with the
current polymer testing standards with production-related adaptations (Figure 4). In
each case, the channel shape was selected in a drop shape to eliminate the need for an
internal supporting structure in AM. Reinforced specimens with a channel diameter of
5 mm each were manufactured, and the cFRPs were inserted with FVRs ¢rrp of 41%
and 57%, respectively. The unreinforced specimens had the same outer contour as the
reinforced specimens, but the cross-section was closed (without channel). The mechanical
tests were carried out with the Zwick/Roell Inspekt 100 kN universal testing device at
23 £ 2 °C and 50 £ 10% rH. The tensile tests were performed in accordance with the
ISO 527-4 standard [31]. The speed of testing was 1 mm/min up to 0.3% and 10 mm/min
after 0.3% elongation. The three-point bending tests were carried out according to the
EN ISO 14125 standard [32]. The span was 80 mm, and the speed of testing 1 mm/min.
The compression tests were in accordance with the EN ISO 14126 standard [33] method 1.
The speed of testing was 1 mm/min. The material constants listed in Table 1 were extracted
from the mechanical tests.

(b) ©

Figure 4. Reinforced specimens for determining mechanical properties consisting of additively manu-
factured basic structure (ABS) and cross-sectional geometry in the measuring area with drop-shaped
channel for integration of cFRP (cF + epoxy). (a) Tensile specimen based on ISO 527-2 standard [34]
type 1B. (b) Three-point bending specimen based on EN ISO 14125 standard. (c¢) Compression
specimen based on EN ISO 14126 standard.

Table 1. Determined material constants for unreinforced specimens and reinforced specimens
considering two different FVRs.

Tensile test
Three-point bending test
Compression test

E: Young’s modulus Om: Tensile strength at initial failure
E,: Flexural modulus oy Flexural strength at initial failure
E.: Chord modulus e Compressive strength at initial failure
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2.4. Application Scenario for Demonstrator Implementation

The application scenario is selected by the fact that it exhibits a highly loaded sup-
porting structure and requires a high degree of lightweight construction as well as a
significant need for customization. Horizontal cantilevers of an ergonomic handling system
(Figure 5) [35] are selected for this purpose.

Cross-section and contour
Minimize, maximal allowable
space is shown

»
"
&

|700 mm (Var. 1) / 320 mm (Var. 2

Figure 5. Maximal design space and placement for the “horizontal cantilever”, that is, the main part
of the planned exoskeleton.

2.5. Numerical Tool for Structure Optimization

The numerical optimization (in the context of the study, the term “optimization” is
considered to describe the search for the optimum as well as the process of approximation
based on the guideline VDI 6220 Sheet 2: Biomimetics—Biomimetic design methodology—
Products and processes) was based on the finite element analysis (FEA) program MARC
from Hexagon, release 2023.1, and used the interfaces offered there for data input and
output. The control program was programmed in Python, release 3.8. The functionality of
this control program BOT (Biomimetic Optimization Tool) is described below.

Two different bio-inspired optimization methods were used for the numerical com-
ponent optimization, which are particularly effective in terms of lightweight construction
optimization [36].

2.5.1. Topology Optimization via SKO

The “Soft Kill Option (SKO)” method was used for topology optimization [37]. In
the SKO method, the Young’s modulus of each element is varied based on a comparison
of the local stress with the reference stress; see Equation (1). The optimization process is
divided into several iterations with a linear increase in the reference stress 0, each of
which consists of several sub-iterations with a constant reference stress. The number of
iterations and sub-iterations is determined in advance by the user.

The Young’s modulus E of the iteration step i + 1 is determined using the following rule:

E; o;
Eijq :Emax’<Em;x+C'<o_ lf 1)) 1)
re

Here, c is a constant factor, and ¢; is the von Mises yield criterion in the respec-
tive element. This update rule is normalized with the maximum Young’s modulus E;;ax
following Equation (2):

Eiy1 = Ei + k(0] — Opef), ()
with £
k= ¢, 3)
Oref

As suggested by Baumgartner et al. [38], the normalization provides independence
from the magnitude of Young’s modulus and the load, so that the result is independent of
the units used.



J. Compos. Sci. 2024, 8, 272

7 of 27

Model definition

To reduce the computing costs, Young’s modulus was cut to the range E;; /1000 <
E < Eux and rounded to 10 discrete, equidistant elastic modulus gradations. The design
proposal resulting from the optimization is made visible at the end by hiding all elements
with the low Young’s modulus E = E,;4,/1000.

Preliminary tests also showed that the usability of the optimization results can be
improved by homogenizing the stresses of the individual elements using a moving average.
This was achieved using a nearest neighbors algorithm by averaging the stress for each
element with the stresses of the k-nearest neighbor elements. The number of neighbor
elements determines the resulting structure width of the optimization results.

2.5.2. Fiber Orientation Optimization via CAIO

The second biomimetic optimization method implemented here is the “Computer-
Aided Internal Optimization (CAIO)” method, which is used for load-appropriate fiber
orientation in the component [39].

The CAIO method, like the SKO method, is an iterative optimization method that
is carried out using the finite element analysis. The direction-dependent or orthotropic
properties of each element are realigned in each iteration based on the local stress tensor in
the major principal direction. The major principal direction is the eigenvector associated
with the maximum absolute eigenvalue of the stress tensor of each element.

An implemented further development of the CAIO is the determination of tensile
and compressive areas for appropriate material allocation. In each iteration, the tensile
and compressive areas were identified in the fiber material, and the respective material
parameters were assigned for the next iteration.

In addition to the separate topology and fiber orientation, the two optimization
methods (SKO and CAIO) were programmed as a combined method based on the program
blocks of both methods (Figure 6). In each iteration step, the updates of both methods are
performed on the same model. This requires minor adaptations in the SKO method: To
account for the orthotropic material properties during SKO, only Young’s modulus in fiber
direction Ex was used in the update rule (Section 2.5.1, Equation (1)). As in the pure SKO
method, 10 discrete materials were used. As material properties, the Young’s moduli in all
directions i € {x, y, z} were interpolated towards E; = min (Ex, Ey, EZ) /1000, meaning
that the material with the minimum Young’s modulus has isotropic material properties and,
thus, saves computing time during the CAIO part, as no fiber realignment is performed in
this regions. Despite the orthotropic material properties, the von Mises stress was chosen
as the characteristic stress o for the material variation during SKO:

o= \/; [(01 —o11)* + (o1 — o) + (o11r — 01)2} (4)

with the principal stresses o7, 077, and oy;;.

Optimization

Abstraction & construction
CAIO: Alignment of elements along

Boundary conditions
and design space

rincipal stress trajectories
J FEA princip : New J cap [ FeEA
simulation . model nstruction [«— simulati
x SKO: Variation of Young's modulus constructio simulation

based on local stress distribution

Iteration

Figure 6. Workflow for the numerical tool used. Presetting of calculation steps and manual selection
of a realizable model/geometry.

Element alignment is carried out according to the unmodified CAIO method, which
also takes the various compressive and tensile properties of the material into account and
assigns the material accordingly.
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2.5.3. Component Design

The first step in creating the finite element model was to define a geometry with
the maximum permissible installation space in a common CAD system (here: Autodesk
Inventor Professional 2021). The geometry was loaded into the preprocessor and meshed
there with four-node linear isoparametric tetrahedron elements using linear interpolation
functions, resulting in 212,404 elements and 40,641 nodes (Figure 7). The material properties
were applied according to the results of material characterization (Section 3.2.5) using the
anisotropic mechanical values of the cFRP for tension and compression. The boundary
conditions were applied with point loads on 78 nodes on the tip of the cantilever, resulting
in a total load of —257.75 N in the x- and y-directions, respectively, and a fixation at the base.

Figure 7. FEA model (here: for the 700 mm long component) defining the construction space with
applied boundary conditions; in red, the fixed displacements; and in blue, the applied point loads.

The load shall be transferred to the cantilever arm via a cable pull and a deflection
roller. Hence, it was applied in negative x- and y-directions (Figure 7). Besides the 700 mm
cantilever, a short component of 320 mm was also realized. Both cantilevers have the same
materials and loading.

Finally, the created FEA models were exported for the finite element simulation and
optimization with BOT.

2.5.4. FEA Validation of the CAD Construction

In order to validate the generated CAD models, the numerical tool for fiber orientation
was extended so that it could implement a specified fiber orientation along the fiber-
carrying channels. This has the advantage that compressive- and tension-dominated areas
can still be identified, and the corresponding elements can be assigned the compressive
or tensile modulus. The material property of the surrounding channel forming matrix
was chosen according to the experimentally determined mechanical values in Section 3.2.5.
Both demonstrator models, the long version (700 mm) and the short one (320 mm), were
loaded in the same way.

3. Results
3.1. Theoretical Considerations on Tensile Behavior

A forecast is made to determine what mechanical properties could theoretically be
expected. To calculate the effective FVR and effective Young’s modulus, all material com-
ponents (additively manufactured polymer, cF, and matrix phase) must be considered. The
effective FVRs (Table 2) of the specimens (Figure 4) in the measuring range are calculated by

Peff = QERP-AFRP/ Acfy- ()
The Young’s modulus of the cFRP (consisting of cF and matrix phase) is derived by
Errp = @rrp-Ecr + (1 — @FrP) EEpoxy- (6)

The theoretically expected effective Young’s modulus of the total composite (consist-
ing of the additively manufactured polymer and cFRP phase) in the measuring range is
calculated by

Etheor = Ajff (EFRP'AFRP + Eags- (Aeff'AFRP) ) @)
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Table 2. Determination of the effective FVR ¢ of the respective specimen in the measuring range
(contains additively manufactured polymer and cFRP phase) according to Equation (5), with Aprp—
cross-sectional area of drop-shaped channel, Aeff—overall cross-sectional area of the respective
specimen in the measuring range, and ¢rrp—FVR of the integrated cFRP (contains cF and ma-

trix phase).

Specimen Apgp [mm?] Aet [mm?] PrRP Peff @IRP Peff
Tension 96.0 9.5% 13.2%
Flexure 22 105.0 41% 8.7% 57% 12.0%

Compression 140.0 6.5% 9.0%

The theoretical preliminary considerations in Table 3 show that an increase in stiff-
ness by a factor of 10.5 or 14.1 can be expected compared to an unreinforced additively
manufactured polymer.

Table 3. Determination of the theoretically expected Young’s moduli Ey,,, of the total composite
(contains additively manufactured polymer and cFRP phase) according to Equations (6) and (7), with
Arrp—cross-sectional area of drop-shaped channel, Aeﬁ —overall cross-sectional area of the respective
specimen in the measuring range, E4ps—Young’s Modulus of additively manufactured polymer,
Er—Young’s Modulus of reinforcing fibers, Egpox,—Young’s Modulus of matrix, ¢rrp—FVR of
integrated cFRP, (peﬁc—effective FVR of respective specimen in the measuring range, Ergp—Young's
Modulus of the integrated cFRP (contains cF and matrix phase).

AFrp At’ff Eups Ecr EEpoxy Errp Etneor
[mm?] [mm2] [MPa] [MPa] [MPa] PERP Peff [MPa] [MPa]
2400 240,000 4300 41% 9.5% 100,937 25,174

222 96.0 acc. datasheet acc. datasheet HTS40 acc. datasheet resin L +
ABS-M30 stratasys Toho Tenax EPH161 R&G 57%  132% 138649 33,891

3.2. Mechanical Tests
3.2.1. Tensile Tests

The failure behavior of the reinforced specimens basically works according to the
following principle: The force is applied or constrained on the additively manufactured
basic structure, which has a lower stiffness than the cFRP. With an increasing load, the
basic structure is elongated to a degree that induces high interlaminar shear stresses at
the interface between the cFRP and the additively manufactured channel wall, which
leads to the failure of the interface. Subsequently, the complete load is transferred to the
basic structure. The failure of the basic structure occurs immediately after the failure of
the interface. The damage pattern is basically identical for all reinforced specimens. The
specimens fail either near the top or bottom restraint (Figure 8).

To investigate the failure behavior, an FEA model was created to simulate the ten-
sile test (Figure 9). The FEA results, shown in Figure 10 and summarized in Figure 11,
demonstrate that the contact force between the cFRP and the additively manufactured basic
structure is at its maximum in the region of the restraint. In the region of maximum shear
stress, the interface fails, and an initial crack is formed. With further progress, the crack
expands, and the principal stress in the additively manufactured basic structure increases.
As soon as the permissible stress in the additively manufactured basic structure is exceeded,
complete failure occurs.
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The fracture occurred
near the moving
restraint

| Initial cracks were also
detected at fixed restrained

Figure 8. Restraining of specimen on tensile testing machine (a) and typical damage pattern (interface
failure) on tensile specimens (b).

<
1

o
1

o

Mounting direction
of the AM process

Figure 9. FEA model of a reinforced specimen with boundary conditions for the simulation of the
tensile test. The model consists of an additively manufactured polymer basic structure and cFRP. The
contact force is considered as failure criterion.

1.0
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0.0
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Figure 10. FEA results for (a) displacement in the x-direction [mm], (b) contact traction [N], and
(c) principal major stress of additively manufactured basic structure [MPa] show initial crack and
crack spreading at interface between cFRP and ABS.
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Figure 11. Summary of the FEA results according to the crack length.

A representative stress—strain curve of an unreinforced and a reinforced specimen is
shown in Figure 12. The cFRP results in a significant increase in stiffness and strength. A
detailed analysis of the reinforced specimen shows a drop in the stress—strain curve even
before the maximum stress is reached (successive failure). This drop in the stress—strain
curve indicates the initial failure. Parts of the matrix system detach from the channel wall,
and the load is transferred to still-intact interface regions between the channel wall and the
cFRP. Subsequently, the structure fails completely.
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Figure 12. Evaluation of tensile tests. (a) Exemplary stress—strain curves on unreinforced and rein-
forced specimens. (b) Detailed stress—strain curve of exemplary reinforced specimen. (c) Individual
measured and theoretically expected Young’s moduli and tensile strengths. (d) Summary of the
experimentally determined values with coefficients of variation.
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Figure 12 and Table 4 show the results of the tensile tests. The Young’s moduli of
the unreinforced specimens determined experimentally are lower than those predicted
according to the data sheet, which is a consequence of air inclusions due to the layer-by-
layer deposition during the AM process (Figure 13). Consequently, the Young’s moduli
of the reinforced specimens are also lower than the previously theoretically determined
values, with additional air inclusions in the matrix of the cFRP showing stiffness-reducing
effects. Nevertheless, it is confirmed that the reinforced specimens exhibit significantly
higher mechanical properties than the unreinforced specimens. The stress at initial failure
of the reinforced specimens is 2.7 times higher than the tensile strength of the unreinforced
specimens, and Young’s modulus was increased by a factor of 9.1.

Table 4. Overview of the experimentally determined material properties of the unreinforced and rein-
forced additively manufactured structures with ¢rrp—FVR of cFRP, (peﬁ_effective FVR, E—Young’s
modulus, 0,,—tensile strength at initial failure, E,—flexural modulus, Uf—ﬂexural strength at initial
failure, E.—chord modulus, c.—compressive strength at initial failure, s—standard deviation, and
V—coefficient of variation.

Unreinforced Specimens

Reinforced Specimens

PERP = 41% ((Peﬁ‘ =9.5%) PERP = 57% ((peﬁc =13.2%)
Material constant
E Om E Om E Om
Tension s S s S s S
%4 1% |4 1% %4 1%
Er 0, f Er g, f E r g, f
Flexure s s s s S S
\%4 | \%4 | %4 |4
E. O¢ E. Oc¢ E; Oc
Compression s s s s s s
\%4 | \%4 |4 \%4 |4
Experimental results [MPa]
1966 26 17,884 71 20,212 67
Tension 22 0.3 3217 10.1 5263 14.3
1.1% 1.2% 18.0% 14.2% 26.0% 21.3%
1550 50 5300 180 5800 200
Flexure 27 0.4 196 26 345 33
1.7% 0.8% 3.7% 14.4% 5.9% 16.5%
1750 46 8842 125 - -
Compression 33 0.5 2380 13 - -
1.9% 1.1% 26.9% 10.4% - -
Normalized mean values [-] *
Tension 1 1 9.1 2.7 10.3 2.6
Flexure 1 1 34 3.6 3.7 4.0
Compression 1 1 5.1 2.7 - -

* The normalized mean values E;or, and oporn are calculated according to Equation (8) or Equation (9).

The tensile strengths and Young’s moduli of the reinforced specimens obtained in
the tensile tests show a higher scatter than the unreinforced specimens, and the scatter
of the test results is larger for an FVR of 57% than for an FVR of 41%. Figure 13 shows
micrographs of one specimen with low mechanical properties and one specimen with high
mechanical properties. Force transfer from the additively manufactured basic structure to
the cFRP occurs via the matrix covering the channel wall. The degree of matrix covering
the channel wall is of immense importance for a high-performance interface between the
cFRP and the additively manufactured basic structure. Thus, the impregnation quality is
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more important than the FVR because the interface between the channel wall and the fibers
is the weakest point in the material composite.

Figure 13. Micrographs of specimen (air inclusions in black). (a) Porosity due to layer-by-layer
deposition of the polymer melt. (b) Reinforced specimen with low mechanical properties due to
large air inclusions, especially at the channel wall. (c) Reinforced specimen with high mechanical
properties due to good impregnation quality and good accumulation of the cFRP on channel wall.

3.2.2. Three-Point Bending Tests

The boundary conditions on the testing machine are shown in Figure 14. All specimens
fail at the point of the maximum bending moment, which is located at the load application
point. The specimens fail due to excessive deflection. In this case, the fibers carry almost the
entire load. On the tensile-stressed side of the specimen, this is stretched to such an extent
that a fiber fracture results, followed by a fracture of the additively manufactured basic
structure. At the point of load application, an impression of the compression die (upper
part of frame) was detected. Furthermore, as in the tensile tests, successive failure occurs.
However, the reasons for this failure are not to be found in the failure of the interface, but
in that of the fibers themselves.

o
ﬁ — Bearing point
Flexural specimen
-
———

Figure 14. Three-point bending test of reinforced specimen (a) and details of tested specimens (b).

Figure 15 shows a representative stress—strain curve of an unreinforced and a rein-
forced specimen. In the case of the reinforced specimen, the stress increases approximately
linearly until the initial failure is reached, and the stress drops abruptly to a lower level.
The load is then transferred to fibers that are still intact and then fail completely (succes-
sive failure).

The individual results of the three-point bending tests are shown in Figure 15 and
Table 4. Obviously, the cFRP leads to a significant increase in stiffness and strength.
Compared with the unreinforced specimens, the flexural modulus of elasticity and the
flexural strength were increased by factors of 5.1 and 2.7, respectively. As with the tensile
tests, the results of the three-point bending tests scatter more with a high FVR than with
a low FVR. Figure 16 shows two micrographs of a three-point bending specimen at two
cross-sections. Air inclusion can be seen to occur at different locations. Coincidentally, if
an air inclusion is located in the area of greatest stress, the performance of the composite
structure will be negatively affected.
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Figure 15. Evaluation of three-point bending tests. (a) Exemplary stress—strain curves on unreinforced
and reinforced specimens. (b) Measured flexural moduli and flexural strengths. (c) Summary of the
experimentally determined values with coefficients of variation.

Change in
position of air
inclusions

Figure 16. Micrographs of a flexure specimen at two cross-sections (air inclusions in black) show that
air inclusions can occur at different locations along the specimen.

3.2.3. Compression Tests

Representative compressive stress—strain curves of an unreinforced or a reinforced
specimen and a summary of the results of the compression tests are shown in Figure 17.
While the unreinforced specimens showed significant compression, the reinforced speci-
mens did not show any external damage. In the case of the reinforced specimen, the stress
increases approximately linearly until the initial failure is reached, and the stress drops
abruptly to a lower level. The introduction of the cFRP results in a factor of 3.4 in the chord
modulus and a factor of 3.6 in the compressive strength. The mean values are summarized
in Table 4.
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Figure 17. Unreinforced (a) and reinforced specimen (b) after compression test and evaluation of
compression tests. (c) Exemplary stress—strain curves on unreinforced and reinforced specimens.
(d) Chord moduli and compressive strengths. (e) Summary of the experimentally determined values
with coefficients of variation.

3.2.4. Summary of the Mechanical Tests

Table 4 provides an overview of the experimentally determined material properties
of the cFRP-reinforced and unreinforced additively manufactured polymer structures. In
addition, the normalized mean values

Eporm = Ereinforced ®)

Evnrein forced

and
Orein forced

Onorm = ———— )
Ounrein forced
are provided, which indicate the stiffness and strength-influencing effect of the cFRP
structure integrated into the additively manufactured basic structure (Figure 18). The
mechanical tests for tension, compression, and flexure have shown that the mechanical
properties of additively manufactured polymer structures are significantly increased by the
integration of cFRP by means of the proposed method.
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Figure 18. Normalized mean values of the mechanical tests at ¢rrp = 41% (q)eff =9.5%) demonstrate a
significant increase in the mechanical properties, and coefficients of variation reveal the scattering of
the measured values.

However, it should also be noted that the previously theoretically determined moduli
(Table 3) are higher in comparison to the experimental results. These deviations can be
caused by production-related effects (Figure 13), for example, air inclusions in the additively
manufactured basic structure due to layer-by-layer deposition and in the integrated cFRP.
Particularly, the interface between the cFRP and the additively manufactured basic structure
at the channel wall offers potential for optimization. Further investigations must be carried
out in further studies to utilize the full potential of the method presented.

3.2.5. Characteristic Mechanical Values of the Single Layers

Knowledge of the mechanical properties of the individual material components is
essential for the dimensioning of composite structures. For this purpose, the properties
of the unreinforced ABS determined by the shown experimental investigations can be
used. However, the properties of the integrated cFRP cannot be measured directly. For the
verification of the previously theoretically determined moduli (Table 3), the mechanical tests
carried out were simulated using FEA using Ansys Workbench 2023. The contact between
the additively manufactured basic structure and the cFRP at the channel wall is defined as
bonded. It became clear that under the idealized assumption of the theoretical moduli, a
strain occurs in the measuring range of the test specimens that is too low compared to the
values measured in experiments. The deviation can be caused by production-related air
inclusions in the cFRP or at the interface between the cFRP and the additively manufactured
basic structure. Therefore, an adaption of the cFRP modulus was carried out in the FEA
model, performed in a manual iteration process.

Figure 19 shows the corresponding FEA models and results of the tensile and com-
pression tests, respectively, and a comparison with the measured strain. After iterative
adjustment of the material parameters of the cFRP, a high level of correlation between the
simulation and measurement results is achieved. In addition, the cFRP exhibits a bimodular
behavior, i.e., the moduli under compressive and tensile stress significantly deviate from
each other. Such a bimodular behavior can occur especially in fiber-reinforced materials
with soft matrix [40,41]. During a flexure load, both tensile and compressive stresses occur.
Therefore, a material model according to Ogden’s 3rd order [42] was created for the FEA
simulation of the flexural test, with which a bimodular behavior is replicated. The previ-
ously iteratively determined Young’s modulus and chord modulus were transferred to the
material model accordingly. A comparison of the numerical and experimental results of
the three-point bending test shows a satisfactory correlation (Figure 19).
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Figure 19. FEA model and simulation results (strain) with iteratively determined Young’s modulus
and chord modulus under tensile (a), compressive (b), and flexural loads (c). The comparison between
the measured and simulated values shows a good correlation (d).

Table 5 summarizes the direction-dependent mechanical properties. The properties of
the ABS are approximately quasi-isotropic. The properties of the cFRP are orthotropic and
depend on the type of load (tension or compression).

Table 5. Overview of the iteratively determined material properties of unreinforced ABS and cFRP.

Tension Properties [MPal] ABS 1800 (All Directions)
X Y Z cFRP X Y Z
X Ey Guy Gyz X 80,000 9000 9000
Y - Ey Gy: Y - 6000 8000
z - - E, z - - 6000
Compression Properties [MPal] ABS 1800 (All Directions)
X Y V4 cFRP X Y V4
X Ex Gxy Gxz X 45,000 9000 9000
Y - Ey Gyz Y - 6000 8000
z - - E, z - - 6000
Poisson Constant [-] ABS 0.35 (All Directions)
X Y Z cFRP X Y Z
X - Vay Vyz X - 0.2 0.2
Y - - Vyz Y - - 0.35
z - - - z - - -

3.3. General Design Guidelines

The mechanical tests confirmed that the two-step manufacturing method developed
significantly increases the mechanical properties of additively manufactured polymer struc-
tures. The next objective is a demonstrative implementation of the manufacturing method.
For this purpose, general design guidelines must be developed. For the preparation of
design guidelines, it is necessary to investigate which restrictions exist for the design of the
component-integrated channels. This includes the design of the cross-sectional area and the
arrangement of the channels. Central issues are that the basic structure can be produced by
means of AM and that the impregnated cF bundles can be pulled through the channels.
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In AM using the FDM process, it should be noted that overhangs >45° can only be
realized with an additional support structure. This is usually washed out with a specific
solvent. The support structure inside the channel cannot be washed out, because the
solvent does not circulate sufficiently strongly. Therefore, when using the FDM process,
a drop-shaped channel geometry (Figure 20) is preferred. This has an overhang that is
smaller than 45° and can be realized without a support structure. In addition, the minimum
wall thickness should not be less than 2 mm. Experiments with a lower wall thickness have
shown that a fracture in the additively manufactured basic structure near a channel radius
can occur when the impregnated fibers are pulled through the channel.

tin =2 MM

Mounting
direction of
AM process

Figure 20. Design guideline for the channel cross-section in drop shape to avoid overhangs greater
than 45° and a minimum wall thickness of 2 mm.

The channel length is a limiting design element in the manufacturing method devel-
oped. As the impregnated cF bundles are drawn in, friction occurs between the impreg-
nated cF bundles and the channel wall of the additively manufactured basic structure.
The frictional force to exceed increases with length of the channel. Tests were carried out
with different channel lengths, and the traction force was measured. The test specimen
and the results are shown in Figure 21. A maximum length of 800 mm is planned for the
intended demonstrator, which was considered feasible for the experimental investigations
carried out.

ABS (b) 300

250 e

200 @

150 @:

100
50

0 0 200 400 600 800 1000

Channel length [mm]

Force [N]

® Exp. 1 e Exp. 2

Figure 21. CAD model of specimens with different channel lengths (a) and traction force as a function
of channel length (b).

The advantage of the presented method lies in the variable-axial design of the path of
the cFRP. For this purpose, deflections of the fiber path must be realized. It was investigated
whether a strong channel curvature, i.e., a small channel radius, has a negative influence on
the impregnation quality and the interfacing with the component wall. For this purpose, a
sample part was made with channels having different radii (Figure 22) and reinforced with
cFRPs accordingly. Subsequently, samples were taken at the radius inlet and outlet, and
quality control was carried out by means of micrographs. It is shown that at the minimum
radius of 12.5 mm after channel curvature, the impregnation quality is similar to that before
channel curvature. This channel radius is sufficient for the intended demonstrator.
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Figure 22. CAD model of the specimens with different channel radii (a) and micrographs for
qualitative assessment of impregnation quality at radius inlet and outlet for different channel radii (b).

3.4. Structure Optimization and Design of Demonstrator Cantilevers
3.4.1. Topology Uptimization and Uiber Urientation

The progress of the combined optimization methods SKO and CAIO is shown in
Figure 23. Visible is the topology optimization, where the elements with the minimum
Young’s modulus E,;;;, = 6 MPa are hidden.

5 10 20 (final iteration)

Figure 23. Development of topology optimization after selected iterations; the elements with the
minimal Young’s modulus E,,;,, are hidden. The numbers given indicate the iteration number.

In addition to the consideration of orthotropic material properties, the integration
of the CAIO approach allows for the element orientation to be adjusted in each iteration
step. The compressive and tensile properties of the material are also taken into account and
assigned accordingly in each case (Figure 24). This is necessary because the fiber-reinforced
material used here has different tensile and compressive properties.

Figure 24. Optimization result of the combined fiber and topology optimization used to create the
demonstrators. (a) Long version with 700 mm; (b) short version with 320 mm. The main stress
directions are visualized in color (tension fibers in red and compression fibers in blue; visualization
with Paraview, open source).

The development of a short (320 mm) and a long (700 mm) demonstrator shows
different arrangements of supporting structures in the components.

3.4.2. Development of the Design Concept for the Fiber Channels

One special challenge within the method presented here is that there is currently no
automated implementation option for all model requirements. In particular, the alignment
of the fiber channels according to the determined design specifications must be emphasized
here. Not only the minimum radius of 12.5 mm and the maximum length of 800 mm had
to be taken into account. It was also necessary to minimize the number of radii in every
single channel and to accept that the reinforced paths could not meet in a node, like in a
space frame truss, but had to pass next to each other.
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Consequently, the design proposal determined by the topology and fiber optimization
must be abstracted and converted “manually”, here, in CAD, into a wireframe model first
(Figure 25). The cross-section for the fiber channels is created by thickening the wireframe
model into a drop-shape form (Figure 26) and surrounded with matrix material (Figure 27).
By this robust procedure, a basic geometry of the optimization results can be generated
in a few steps and relatively short time and finally equipped with appropriate interfaces.
For the professional use of the numerical tool, corresponding routines have to be further
developed and implemented in the software packages.

Y a

Figure 25. Creation of the CAD model for the demonstrator by generating a “wire model” consisting
of lines and deflections.

(b)

Figure 26. Realized fiber channels of the 700 mm demonstrator (a) as well as the 320 mm demonstra-
tor (b); the channel diameter is 6.6 mm in each case.

Figure 27. Final CAD model of the 700 mm demonstrator (a) and the 320 mm demonstrator (b). Light
red: input and output of the fiber channels into the construction.

3.4.3. Development and Preparation for Production of the Optimized
Lightweight Structures

The final conception of the fiber channels (Figure 26) results in 13 fiber channels for
the long version of the demonstrator; the short demonstrator is realized with 7 channels.
Their channel diameters are 6.6 mm each. The cross-sectional shape of the fiber channels
is approximately teardrop shaped to avoid overhangs greater than 45°. This means that
no support structures are required within the channels during additive manufacturing.
The matrix material is deposited around the fiber channels in the following process step
(Figure 27).

Using the material components for the demonstrators as an example (ABS matrix:
1.05 g/cm?3, cFRP (FVR 41%): 1.4 g/cm?), the mass of the 700 mm long model that can be
extracted from the model simulation would be approx. 1164 g, and that of the 320 mm
model would be approx. 349 g.

3.4.4. Numerical Validation of the Generated CAD Model

The numerical validation of the models takes into account both the matrix component
and the fiber channels, i.e., their changed material characteristics compared to the properties
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of the matrix material (see Sections 2.5.3 and 2.5.4). This allows for the compression- and
tension-dominated regions within the channels to be calculated correctly.

Both models, the long version and the short one, are calculated and loaded in the same
way with respect to both the material characteristics and the load cases (Figure 28). Table 6
provides the values from the validation for both demonstrator variants.

50
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-50

Figure 28. Major principal value of stress [MPa] in the fiber channels of the 700 mm demonstrator
(a) and the 320 mm demonstrator (b). The surrounding ABS matrix is hidden to make the fiber
channels visible.

Table 6. Results of the FEA validation.

700 mm Demonstrator 320 mm Demonstrator
Max. tensile stress [MPa] 48 49
Max. compressive stress [MPa] —66 —48
Max. total deformation [mm] 6.4 2.3
Max. lowering [mm] 6.2 15

The relevant yield strength for the fiber material is 57.9 MPa for tension and —127.8 MPa
for compression. The major principal stress in the fiber channels does not exceed this limit, as
shown in Figure 28, but due to the manual construction, not all areas are stressed evenly.

The analysis of the von Mises yield criterion in the demonstrator matrix shows that
the stress is only slightly increased in the bearing area (Figure 29). The stresses determined
in the FEA simulation are, in any case, below the yield strength of the material. These
results indicate that the main load is carried by the fiber channels as intended.

(b) 10.0

Figure 29. Von Mises yield criterion in the matrix of (a) the 700 mm demonstrator and (b) the 320 mm
demonstrator (matrix material characteristics: isotropic, E = 1800 MPa, and v = 0.35). The color
reference is given in the unit MPa for both cases. To make the stress in the surrounding ABS matrix
visible, the fiber channels are hidden. The large blue areas indicate that the matrix must endure little
stress; only the bearing area shows slightly increased stress values.

3.5. Manufacturing and Validation of Demonstrator Cantilevers

The fabricated demonstrators are shown in Figure 30. In addition, a transparent
structure was made to visualize the cF orientation. The demonstrator structure “long
horizontal cantilever” was subjected to computed tomography (CT) to analyze the quality
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of the inserted cFRP (Figure 31). This revealed that air inclusions systematically occur
in the channel radii. When the impregnated cFs are pulled in, they contact the inner
channel radius, so that there is no connection to the component wall of the additively
manufactured basic structure at the outer channel radius. The experimental investigations
carried out at the specimen level have shown that the interface between the cFRP and the
additively manufactured basic structure is decisive for the load-bearing capacity of the
overall structure. Consequently, in further studies, the focus should be on eliminating the
systematic faults by taking suitable measures.

@)

(b)

Figure 30. Demonstration structures manufactured using novel AM-cFRP method. (a) General view
of long cantilever. (b) General view of short cantilever. (c) Short cantilever in transparent design
shows fiber orientation.

Figure 31. CT analysis of demonstrator cantilever. (a) General view with YZ cutting planes. (b) CT
images on selected YZ section views. (c) Representative CT image at an exemplary deflection point
with marked air inclusion in channel radius.

The developed cantilevers were implemented and validated in a functional demon-
strator of an exoskeleton (Figure 32). For this purpose, corresponding interfaces of the
cantilever were designed to enable a connection with the existing exoskeleton.
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Figure 32. Integration of the developed (short) cantilevers into an existing test exoskeleton.

The cantilevers realized using the novel method were compared with existing unrein-
forced additively manufactured cantilevers. The newly developed load-bearing structures
are significantly superior to the previously used ones. While the deflections of the un-
reinforced cantilevers were too large and thus unsuitable for the intended application,
the deflections of the cantilevers have been considerably reduced to a suitable value by
using the novel method. The results of the demonstrator validation proved the feasibility
of the novel method for reinforcing additively manufactured polymer structures with
component-integrated cFRPs.

4. Discussion

Compared to established cF-AM methods, the main advantage of the developed
method is primarily the possibility of arranging reinforcing fibers variably—axially along
the principal stress lines and independently from the AM mounting direction. The studies
carried out have clearly demonstrated the feasibility of the method.

To assess the potential of the method, the results of the study were benchmarked
against conventional FRP technologies, short-fiber AM and cF-AM methods (Figure 33). Es-
pecially compared to other cF-AM methods, the novel method is still in a lower performance
range in terms of tensile strength in the fiber direction. A current overview regarding the
mechanical properties of various cF-AM methods is provided by Safari et al. [21]. Studies
presenting cF-AM methods with high tensile strength are, for example, [43-53].

The interface of the cFRP structure at the channel wall of the additively manufactured
basic structure has emerged as a central, significant influencing factor. From the specimen
and demonstrator validation, there is potential for optimizing the method in further studies.
The following hypotheses are derived from the findings of the study:

(1) The interlaminar strength is significantly influenced by the amount of surface area
covered with matrix material on the component-integrated channel wall. An adapted
channel geometry with an increased surface will consequently result in an improve-
ment in interlaminar strength.

(2) The interlaminar strength is essentially determined by the adhesive interaction be-
tween the matrix material and the polymer used for AM of the basic structure. A
targeted modification or substitution of the material components will therefore result
in an increase in the interlaminar strength.

(3) The matrix material must ideally cover the channel surface completely to create the
conditions for a maximum number of adhesion points in the bonding zone. Conse-
quently, the increase in impregnation quality will be associated with an improvement
in the interlaminar strength.
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Figure 33. FVR and tensile strengths achievable with conventional FRP processes, short-fiber-
reinforced AM, and established cF-reinforced AM methods (inspired by [21,23]). Assessment of the
study results shows that the novel method is currently still at a lower performance level. However, a

significant increase is expected due to an improvement in interlaminar strength.

5. Conclusions

A state-of-the-art analysis showed that processes integrating cFs in AM are very
efficient in terms of their mechanical properties and can be comparable to established
FRP processes. However, based on the evaluation of existing cF-AM methods, it was also
determined that cF integration during the AM process can partially exclude applications as
soon as an in-plane arrangement of the cF is not sufficient:

(1) The deficit of existing cF-AM methods regarding the high degree of structural anisotropy
could be solved with the presented method, in which the cF integration is decoupled
from the AM process.

(2) The method allows for a variable-axial arrangement of cFs independently of the AM
mounting direction.

(3) Theinvestigations at the specimen level evidenced a significant increase in mechanical
properties regarding its tensile, compressive, and flexural properties compared with
unreinforced specimens.

(4) Design restrictions in the execution of the component-integrated channels regard-
ing the channel geometry, length, and radius were demonstrated based on sample
structures. Design guidelines were derived.

(5) The proof of concept was provided by means of demonstrators.

(6) The numerical tool, which combines two methods of structural optimization, is well
suited for the design of additively manufactured polymer structures with variable—
axial cF reinforcement.

(7) As a result of the load-adjusted integration of cFRP in additively manufactured
polymer structures, a significantly higher load-bearing capacity, an increased degree
of lightweight construction, and a reduced material usage were realized compared
with unreinforced additively manufactured polymer structures.

(8) The method is predestined to realize geometrically complex lightweight structures in
single-part and small-series production.

(9) Compared to other cf~AM methods, the novel method is still in a lower performance
range in terms of tensile strength in the fiber direction. Promising approaches to
further improve the mechanical properties and reproducibility were presented. These
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relate to the modification of the material composition, channel geometry, and impreg-
nation quality.
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