
Vol.:(0123456789)1 3

Progress in Additive Manufacturing 
https://doi.org/10.1007/s40964-022-00347-x

FULL RESEARCH ARTICLE

Stress‑adapted fiber orientation along the principal stress directions 
for continuous fiber‑reinforced material extrusion

Tim Heitkamp1  · Sebastian Kuschmitz2  · Simon Girnth1  · Justin‑Dean Marx1  · Günter Klawitter1 · Nils Waldt1 · 
Thomas Vietor2 

Received: 17 March 2022 / Accepted: 15 September 2022 
© The Author(s) 2022

Abstract
A proven method to enhance the mechanical properties of additively manufactured plastic parts is the embedding of continu-
ous fibers. Due to its great flexibility, continuous fiber-reinforced material extrusion allows fiber strands to be deposited along 
optimized paths. Nevertheless, the fibers have so far been embedded in the parts contour-based or on the basis of regular 
patterns. The outstanding strength and stiffness properties of the fibers in the longitudinal direction cannot be optimally 
utilized. Therefore, a method is proposed which allows to embed fibers along the principal stresses into the parts in a load-
oriented manner. A G-code is generated from the calculated principal stress trajectories and the part geometry, which also 
takes into account the specific restrictions of the manufacturing technology used. A distinction is made between fiber paths 
and the matrix so that the average fiber volume content can be set in a defined way. To determine the mechanical properties, 
tensile and flexural tests are carried out on specimens consisting of carbon fiber-reinforced polyamide. In order to increase 
the influence of the principal stress-based fiber orientation, open-hole plates are used for the tensile tests, as this leads to 
variable stresses across the cross section. In addition, a digital image correlation system is used to determine the deformations 
during the mechanical tests. It was found that the peak load of the optimized open-hole plates was greater by a factor of 3 
and the optimized flexural specimens by a factor of 1.9 than the comparison specimens with unidirectional fiber alignment.

Keywords Fiber reinforced additive manufacturing · Design for additive manufacturing · Material extrusion · Principal 
stress · Curvilinear fiber · Continuous fiber

1 Introduction

Material extrusion (MEX) is characterized by the production 
of parts by continuous layer-by-layer application of a molten 
thermoplastic strand. The initial material is usually in the 
form of a thermoplastic filament, which can be continuously 
unwound from a filament spool [1, 2]. In the past, the MEX 
process was primarily used for the fast and cost-effective 
production of prototypes. However, further developments 
of the process and the materials used have led to an increas-
ing number of end products being manufactured using the 
process [2]. The layer-by-layer process principle enables the 

economical production of arbitrarily complex components 
directly from 3D CAD data without significant additional 
effort. However, this leads to anisotropic material proper-
ties with poorer mechanical properties in the build-up direc-
tion [2, 3]. Thus, the MEX process is often ruled out when 
selecting suitable manufacturing processes for production 
in industrial practice, since the mechanical properties of the 
manufactured parts are rarely sufficient for the load case at 
hand [3]. In addition to pure thermoplastics, filaments with 
added fillers can also be processed to improve the strength 
of parts. In this context, fillers in the form of reinforcing 
fibers are primarily suitable [3–5]. A comparatively simple 
approach is the use of short fiber reinforced filaments [6]. 
Fibers with a length of 0.1–1 mm are added to the thermo-
plastic filaments. Thus, the filaments can be processed with 
conventional extruders. In general, short fiber reinforcement 
improves the tensile and flexural strength and stiffness of the 
parts, while it reduces the toughness, yield strength and duc-
tility [7–10]. Due to the significantly improved mechanical 
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properties compared to short fiber reinforcements, continu-
ous fibers are increasingly used for additive manufacturing 
of fiber-reinforced thermoplastic parts [11, 12]. Due to their 
high strength and stiffness values, carbon, glass or aramid 
fibers are preferably used as reinforcing fibers. Two different 
approaches have been established for embedding continuous 
fibers in parts manufactured by MEX, which differ in the 
timing of fiber impregnation (see Fig. 1). One approach is to 
impregnate the fibers during the process within the extruder. 
Accordingly, the fibers are initially in the form of rovings. 
In the print head, the supplied fiber strand bonds with the 
molten filament and is deposited together on the part (see 
Fig. 1a). This approach has already been studied and demon-
strated in various research papers [13–18]. Another concept 
involves fiber impregnation prior to the process. For this 
purpose, semi-finished products consisting of a thermo-
plastic matrix and continuous fibers embedded therein are 
used, which are applied to the print bed or the part with an 
extruder (see Fig. 1b) [13, 19].

The use of continuous fiber reinforcements leads to 
a significant increase in the strength of the parts. The 
mechanical properties of continuous fiber reinforced 
parts fabricated using different approaches and materials 
have been described in detail in numerous studies [14–17, 
20–24]. The mechanical properties obtained depend on a 
number of factors. In addition to the basic process param-
eters, the fiber and matrix materials, fiber volume fraction, 
interfacial adhesion and the number of defects in the part 
also influence the mechanical properties [25]. Delamina-
tion and fiber-matrix debonding have been shown to be the 
main failure mechanisms in various studies [16, 26–28]. 
Another decisive factor for the mechanical properties is 
the fiber orientation in the parts. Parts reinforced with 
continuous fibers exhibit many times higher strength and 

stiffness properties in the fiber direction than across the 
fiber direction. Due to this extreme anisotropy in the fiber 
direction, fiber-reinforced plastics offer enormous light-
weight design potential when the fibers are aligned in line 
with the load.

For manufacturing using MEX, a G-code (a machine 
code readable by the 3D printers [29, 30]) is required. 
The G-code is generated during the slicing process. In the 
slicing process, the 3D part geometry is first loaded into 
the slicing software and the build orientation is defined. 
Then the part is sliced into layers and divided into outer 
and inner contours (perimeters) and an inner regular infill 
pattern. The perimeters and infill patterns correspond to 
the tool paths to be traced by the print head [2]. Manufac-
turers of fiber printing systems, such as Markforged [31] 
and Anisoprint [32], also offer corresponding slicing soft-
ware (Markforged–Eiger [33], Anisoprint–Aura [34]) for 
their respective systems, which allows slicing of parts and 
creation of tool paths for the pure thermoplastic and for the 
continuous fiber strands. These are user-friendly slicing 
programs that specify optimized process parameters that 
can be varied only to a very limited extent. Various options 
are available in the slicing software for fiber alignment. 
These are, for example, contour-based, unidirectional or 
rhombic infill patterns (see Fig. 2), which are compara-
ble to the infill patterns of conventional MEX. However, 
the embedded fiber strands are of particular importance 
with regard to the mechanical properties. Due to the ani-
sotropic properties, fiber orientation adapted to the load 
is essential. With existing slicing programs, however, the 
fibers are placed in the part on the basis of regular pat-
terns. Load-adapted fiber placement based on numerical 
simulation methods is not possible with conventional slic-
ing programs.
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Fig. 1  Schematic representation of the approaches for the insertion of continuous fibers in the MEX process
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1.1  Stress‑adapted fiber placement

In recent years, various approaches have been pursued to 
introduce fibers into the part in a way that is appropri-
ate to the load. By means of numerical methods, it could 
be shown that a load-appropriate alignment of the fibers 
can lead to a significant improvement of the mechani-
cal properties. Zhang et al. [35] used FE analyses and 
streamtracer plots to generate fiber orientations based on 
principal stress tensors. In the numerical calculations, the 
optimized orientation resulted in a significant reduction in 
stress peaks compared to 90°/0° and 45°/−45° multilayer 
composites.

Malakhov and Polilov [36] also used numerical methods 
to calculate load-oriented fiber orientations in order to be 
able to adapt fiber paths to geometric discontinuities, such 
as notches or holes, in an optimized manner. A principal 
stress-oriented infill pattern resulted in a 3.2-fold reduction 
in stress peaks compared to the straight fiber orientations in 
the numerical model.

Malakhov et al. [37] presented an iterative simulation-
based method to calculate the fiber paths in order to manu-
facture parts with variable stiffnesses. In the simulations, the 
optimized fiber orientation resulted in a 6 times improve-
ment in stiffness compared to unidirectional fiber orienta-
tion. The iterative simulation method for adjusting variable 
stiffnesses was practically investigated by Sugiyama et al. 
[38]. The effects of the optimized fiber alignment on the 
mechanical properties of a fiber paths uniformly surround-
ing the hole on one side, the stiffnesses could be increased 
by factors of 4.5 and 9.4, respectively. The maximum load 
capacity of the open-hole plates could be increased by a fac-
tor of 1.2 and 1.6, respectively.

Li et al. [39] generated load-path appropriate tool paths 
for fiber insertion in printed composite parts. The load paths 
are based on the tensile and compressive stresses occurring 
in the part. The mechanical tests were carried out on contin-
uous fiber-reinforced open-hole plates. The optimized infill 
patterns showed 67.5% and 62.4% higher tensile and flex-
ural strengths, respectively, than the conventional straight 
infill patterns. The strength-to-weight ratio of the optimized 
tensile and flexural specimens exceeded the conventionally 
specimens by 55.1% and 35.2%, respectively.

The mechanical properties of open-hole tensile specimens 
made of continuous fiber-reinforced thermoplastic were 
investigated by Hou et al. [40]. Optimized fiber orientation 
was based on stress gradients. Comparisons with unidirec-
tional fiber orientation increased the ultimate strength by 
42% and reduced the stress concentration by 36%.

1.2  Aims and scope

The aim of this work is to develop a method for the stress-
adapted design and manufacturing of continuous fiber-
reinforced components using MEX in order to improve the 
mechanical properties of the components. In contrast to 
existing approaches, computer aided internal optimization 
(CAIO) is used for fiber reinforced MEX for the first time 
to the best of the authors' knowledge. With the aid of this 
method, it is possible to precisely determine the principal 
stress trajectories with any number of flexibly selectable 
starting points. The CAIO method allows effortless adap-
tation of any number of trajectories even for complex part 
geometries. In addition, the method allows the generation 
and selection of defined fiber trajectories without recalcu-
lations, which is a disadvantage in other simulation-based 

fiber perimeter + „isogrid“ infill

fiber tool path thermoplast tool path

fiber perimeter

fiber perimeter + undirectional infill(a) (b)

(c) fiber perimeter + „rhombic“ infill (d)

Fig. 2  Exemplary infill patterns with continuous fibers generated with the slicing software Aura (Anisoprint [34]), fiber perimeter with unidirec-
tional infill in (a), with “isogrid” infill in (b), with “rhombic” infill in (c) and without additional fiber infill in (d)
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methods [41]. The plotted principal stress trajectories can 
be used directly as fiber toolpaths. Accordingly, the fibers 
strictly follow the principal stress directions.

To validate the method, solid specimens with embedded 
continuous fiber strands are fabricated. On the one hand, 
open-hole plates are used as specimens, for which only the 
first principal stress direction is taken into account. In addi-
tion, flexural specimens with layerwise alternating fiber 
paths along the first and second principal stress directions 
were printed and tested. Mechanical tests on optimized and 
unidirectional reinforced specimens will show the impact on 
the mechanical properties. In addition, it will be investigated 
whether the principal stress-based fiber orientations differ 
from unidirectional fiber orientations in terms of failure 
mechanisms.

2  Principal stress‑based fiber alignment

Compared to conventional isotropic materials, the aniso-
tropic properties and high specific strengths of the reinforc-
ing fibers offer considerable potential for lightweight con-
struction applications, especially when aligned to withstand 
loads. Fibers exhibit outstanding strength and stiffness prop-
erties in the longitudinal direction. Transverse to the fiber, 
the strengths and stiffnesses are many times lower. Accord-
ingly, the principal stress directions can be used for optimal 
fiber alignment. The basic idea of this approach is that the 
shear stresses τ become zero, while the normal stresses σ 
take extreme values, so that the longitudinal strength prop-
erties of the fibers can be used optimally [42]. In an infini-
tesimal material section, the shear stresses are tangential to 
the sides of the material section, while the normal stresses 
are normal to them. When the material section is rotated by 
angle φ, the shear stresses can be completely eliminated, 
while the normal stresses become maximum. In this case, 
σ1 ≥ σ2 as well as σ1 ⊥ σ2. The calculated stress states can be 
summarized in a matrix S [43]:

According to [43] solving the eigenvalue problem with 
unit matrix I in Eq. (2) yields eigenvalues σ1,2 corresponding 
to Eq. (3), which correspond to the first and second principal 
stresses.

(1)S =

[

�xx �xy

�xy �yy

]

(2)det (S − �I) = 0

(3)�1,2 =
�xx + �yy

2
±

√

(

�xx − �yy

2

)2

+ �2
xy

The directions of the principal stresses can be determined 
according to the following equation [44].

The tangent function is periodic with π. Therefore, Eq. (4) 
with φ* and �* = φ* + π/2 provides the two mutually per-
pendicular principal directions [44]. According to Neuber 
[45], the directions of the first principal stress, described by 
the angle φ1, can be determined directly with respect to the 
underlying coordinate system using Eq. (5) for plane stress 
problems.

The use of Eq. (5) has the advantage that the angle φ1, 
which is to be assigned to the first principal stress direction, 
can be calculated directly. Thus, the ambiguity is avoided 
when calculating tan(2φ) from Eq. (4).

The principal stresses can be represented in the form of 
so-called trajectories, which are tangential to the principal 
stress directions at each point. In composite parts, these tra-
jectories can be considered as load-adapted fiber paths that 
take into account the anisotropic fiber properties (see Fig. 3).

3  Materials and methods

In this section, the study design and methods used are pre-
sented. The approach used to generate the G-code for the 
principal stress-based fiber alignment is discussed, as well 
as the fabrication setup. In addition, the specimen design and 
the mechanical testing procedure are described.

3.1  Principal stress‑based toolpath planning

A suitable method, which is also used in this work for the 
visualization and generation of the optimized fiber align-
ments, is the CAIO method. Moldenhauer presents in [41] a 
CAIO approach to visualize the principal stress trajectories 
in conventional finite element analysis (FEA) software. His 
mathematically proofed method is based on the following 
hypothesis [41]:

The isotherms of an orthotropic steady-state 2D ther-
mal conduction problem with the thermal conductivi-
ties  k1 and  k2 are tangential to an arbitrarily prescribed 
direction field y′ = f(x, y) provided that the local ori-
entation of  k1 follows the direction field y′, and perfect 
insulation exists perpendicular to this  (k2 = 0).

The principal stress directions are direction fields which 
can be computed statically. The orthotropic thermal analysis 

(4)tan(2�∗) =
2�xy

�xx − �yy

(5)tan�1 =
�xy

�xx − �2
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is independent from the static analysis and uses the principal 
stress directions as local systems for the conductivities  k1 
and  k2. Extreme orthotropic ratios (k1/k2 for the first, k2/k1 
for the second principal stress direction, at least greater than 
1/1e−4) force the isotherms to follow the direction fields. 
According to the described procedure, a FE stress analysis 
is first performed in ABAQUS. The principal stress direc-
tions in the integration points of the finite elements of a 2D 
or 3D shell part are determined. The mutually perpendicular 
principal stress directions in the elements are transferred as 
local systems to a subsequent thermal FEA. The structural 
elements of the stress analysis are replaced by thermal ele-
ments without changing the node and element numbering. 
For common problems, two thermal boundary conditions in 
the form of heat sources with different temperatures in two 
nodes of the mesh are sufficient to visualize the isotherms 
over the entire mesh. They represent the principal stress 
trajectories. The placement of the two nodes with thermal 
boundary conditions is discussed in [41].

The result of this method is therefore a continuous tem-
perature field in which the isotherms follow the principal 
stress directions. No iterations are necessary for the deter-
mination of the principal stress trajectories. With the help 
of post-processing software, any number of fiber trajectories 
can be generated from the continuous field at regular inter-
vals or at defined points without any further calculation steps 
and output in the form of coordinates. The process flow is 
shown in Fig. 4.

Conventional slicing programs are not able to generate 
toolpaths for parts with complex fiber paths. Therefore, in 
this work, the 3D modeling software Rhinoceros3D version 
7.0 with the visual programming environment Grasshopper 
was used to generate the toolpath. Since solid specimens 
were to be used for the investigations, infill patterns were 
generated for the inter-fiber spaces (see Fig. 5). A written 
program distinguished between fiber paths and intermediate 
areas within the layers. In the program used, the fiber paths 

were first read in as coordinates and connected in the form 
of a curve. A specific path width was assigned to the fiber 
paths. The layer was then subdivided into the fiber paths 
with specific width and the intermediate spaces. Separate 
process parameters, such as extruder temperature, printing 
speed and print bed temperature, were defined for fiber paths 
and the intermediate infill. Furthermore, cutting commands 
were implemented for the fiber paths, which are located 
about 40 mm before the end points of the fiber path due to 
the distance between extruder and cutting unit. In addition, 
the G-code for unreinforced layers was generated, which was 
used for the first and last layers. The G-codes were then 
merged and sent to the printer.

3.2  Setup and materials

For the printing of the specimens, in this work a modified 
Renkforce RF2000 (Conrad Electronic SE, Hirschau, Ger-
many) with a Duet3D control board with RepRap firmware 
(Duet3D Ltd., Peterborough, Great Britain) was used, which 
can be accessed by a browser interface (see Fig. 6). The 
printer's conventional printhead was replaced with a dual-
extruder system from Markforged (Markforged Inc.), which 
is also used in its MarkTwo printer. Polyamide 6 (Nylon 
White) was used as the matrix filament and carbon fiber fila-
ment CFF from Markforged (Markforged, Inc., Watertown, 
MA, USA) was used as the reinforcing fiber. To prevent 
moisture absorption of the polyamide, the filament spools 
were stored in the airtight drying box PolyBox™ (Polymaker 
B.V., Shanghai, China) with a controlled relative humid-
ity content of < 25%. The diameter of the nylon filament is 
1.75 mm and the diameter of the continuous fiber filament 
is 0.4 mm. Approximately 1000 fibers are embedded in the 
continuous fiber filament. The fiber volume fraction has been 
measured in various investigations and varies between 32.8 
and 34.5% [46, 47].
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Fig. 3  Principal stress trajectories of a beam subjected to bending with an infinitesimal material section
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Fig. 4  Flowchart of the CAIO method using orthotropic heat conduction as a numerical integrator with curved open-hole plate under tensile 
loading, according to Moldenhauer [41]
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The specimens were fabricated from both fiber-reinforced 
and pure nylon layers. An overview of the process param-
eters used is shown in Table 1.

3.3  Specimen design and fabrication

Open-hole plates and flexural specimens were used as speci-
mens to investigate the influence of optimized fiber orienta-
tions. The dimensions of the specimens are shown in Fig. 7. 
As a reference to the optimized specimens, fiber-reinforced 
specimens with unidirectional fiber orientation and compa-
rable fiber volume fraction were additionally used. With the 
exception of the fiber orientation, the same process param-
eters as listed in Table 1 were used.

The simulation and calculation of the principal stress 
trajectories was performed according to the procedure 
described in Sect. 3.1. An element number of 38,400 was 
used for the flexural specimens and an element number 
of 47,460 was used for the open-hole plates. CPS4R ele-
ments are used as element type for the structural analysis, 
and DC2D4 elements are used for the thermal analysis. The 
G-code was generated using the developed program in Rhi-
noceros3D/Grasshopper. An exemplary process flow for a 
flexural specimen is shown in Fig. 8.

The generation of fiber paths for the open-hole plates was 
performed at constant distances in the direction of the first 
principal stress for both specimen types. In order to achieve 
a comparable fiber volume fraction Vf, this resulted in 12 
fiber tracks per layer with a spacing of approx. 1.9 mm in the 
straight-line direction for the principal stress-based orienta-
tion and in 14 fiber tracks with a spacing of approx. 1.7 mm 
in the straight-line direction for the unidirectional fiber ori-
entation (see Figs. 9, 10). The second principal stress direc-
tion was not considered for the open-hole plates.

The fiber orientation for the flexural specimens, on the 
other hand, is more complex due to the high relevance of 
both principal stress directions. Therefore, a distinction was 
made in the layers between the first and second principal 
stress directions. The complete filling of each layer allowed 
an alternating layer structure with alternating fiber orien-
tations, each following the first or second principal stress 
direction (see Fig. 11a). The spacing between the fiber paths 
is subject to certain restrictions. On the one hand, the width 
of the deposited fiber strand has to be taken into account for 
the fiber orientation. Thus, the generated paths must have a 
distance of at least 0.9 mm to each other. Secondly, a mini-
mum radius of curvature must not be undershot, otherwise 

Fig. 6  Renkforce RF2000 with 
Markforged Dual Extruder and 
Polymaker Polybox

nylon filament

fiber filament

dual extruder

dry box

fiber feeder

printer bed

filament feeder

Table 1  Process parameters for the fabrication of the specimens from 
nylon and carbon fiber

Parameter Value Unit

Extruder temperature 270 °C
Print bed temperature 90 °C
Nylon filament diameter 1.75 Mm
CF filament diameter 0.4 mm
Layer height fiber/nylon 0.125 mm
Bottom and top layers (nylon) 0.2 mm
Strand width (nylon) 0.4 mm
Fiber width 0.9 mm
Fill density 100 %
Nylon printing speed 40 mm/s
Fiber printing speed 8 mm/s
Infill angle +45/−45 °
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Fig. 7  Dimensions of the open-hole plate in (a) and the flexural specimen in (b)
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Fig. 8  Exemplary process flow for the generation of a stress-adapted 
infill pattern using the example of a flexural specimen; FE model in 
(a), principal stresses at right angles to each other in the nodal points 

in (b), visualized principal stress trajectories in the post-processing 
software in (c, d), visualization of the G-code of the specimen in (e)
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fiber breakage may occur. The exact minimum radius of 
curvature for the carbon fiber filament is not known. As an 
approximation, a radius of curvature corresponding to the 
width of the deposited fiber strand (0.9 mm) was used in this 
work. Taking these restrictions into account, the fiber curves 
were generated, which are shown in Figs. 11 and 12. 

The underlying standard prescribes a minimum number 
of five specimens. This minimum number was taken into 
account for the present work. In order to reduce the pro-
duction time of the flexural specimens, the middle part of 
the specimen was made of pure unreinforced thermoplastic 
with a height of 3.2 mm and layer thicknesses of 0.2 mm. 
The height of the fiber-reinforced layers was thus 4 mm in 
total with a layer height of 0.125 mm. The fabrication time 

of an open-hole plate is about 30 min and the fabrication 
time of a flexural specimen is about 160 min.

For better comparability, the specimens were prepared 
with a fiber volume fraction as identical as possible. The 
fiber volume fraction describes the proportion of fibers in 
the total volume of the part and can be determined with 
the following formula [48]:

where Vf is the fiber volume fraction, vf is the total volume 
of the fibers and vc is the total volume of the composite 
part. Due to the complex fiber characteristics in principal 

(6)Vf =
vf

vc
× 100 %

(a)

(b)

y

x

15 mm Starting point Ending point Cutting point

Fig. 9  Comparison of fiber orientations for the open-hole plate along the principal stress trajectories in (a) and with unidirectional orientation in 
(b) with the starting, ending, and cutting positions

Fig. 10  Optimized open-hole 
plate in (a) and open-hole plate 
with unidirectional fiber rein-
forcement in (b)

20 mm

(a)

(b)
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stress-based alignment compared to unidirectional fiber 
alignment, it was not possible to set an identical fiber vol-
ume fraction. Table 2 shows the respective theoretically 

determined fiber volume fractions of the specimens with 
optimized and unidirectional fiber orientation. Furthermore, 
discrepancies between the different layer layouts of the 
flexural specimen were found. The fiber orientations corre-
sponding to the first and second principal stresses or to a 0° 
and 90° infill pattern resulted in fiber volume fractions in the 
respective layers that could not be precisely adjusted. There-
fore, Table 2 also lists the different fiber volume fractions, 
subdivided by layers. For the calculation, a fiber volume 
fractions of the fiber filament of 34% was assumed.

3.4  Tensile and flexural tests

The tensile tests were performed on the Zwick/Roell Zmart.
Pro BZ1 universal testing machine (Zwick Roell, Ulm, Ger-
many). The mean values of the measured values are given for 
the results. The specimen deformation was measured over 
the recorded crosshead travel. The test speed was 10 mm/

y

x

z

(a) (b)

(c)

12

y

x
15 mm

Fig. 11  Schematic layered structure in (a) and comparison of fiber orientations for the flexural specimen along the principal stress direction in 
(b) and with unidirectional orientation in (c)

20 mm

(a)

(b)

Fig. 12  Fabricated optimized flexural specimen in (a) and unidirectional reinforced flexural specimen in (b)

Table 2  Theoretically determined fiber volume fractions, subdivided 
by specimens and layers

Specimen/layer Fiber vol-
ume fraction 
(%)

Open-hole plate (optimized) 9.5
Open-hole plate (unidirectional) 9.8
Flexural specimen (optimized) 5.4
Flexural specimen (optimized—σ1) 2.6
Flexural specimen (optimized—σ2) 2.8
Flexural specimen (unidirectional) 5.8
Flexural specimen (unidirectional—0°) 2.8
Flexural specimen (unidirectional—90°) 3.0
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min. The 3-point bending test was performed to determine 
the characteristic values under bending load. The tests were 
performed on the same testing machine with identical testing 
speed. The machine force was recorded by load cell and the 
deformation by the crosshead travel of the testing machine. 
All mechanical tests were performed under the same envi-
ronmental conditions.

A digital image correlation (DIC) system was used, which 
allows non-contact detection of deformations. The Aramis 
5 M measuring system from GOM (Carl Zeiss GOM Metrol-
ogy GmbH, Braunschweig, Germany) was used for this 
purpose. The system has two cameras and thus enables the 
measurement of two- and three-dimensional deformations. 
In order to measure the deformations of the specimens, sto-
chastic patterns were applied to the surfaces of the speci-
mens, which allowed the measurement system to optically 

record the displacements. The images were taken at intervals 
of one second. The experimental setup is shown in Fig. 13.

The microstructure of the fracture surfaces of the flex-
ural and tensile specimens were examined using a Zeiss 
Leo 1455VP scanning electron microscope (Carl Zeiss AG, 
Oberkochen, Germany).

4  Results

The results of the mechanical tests are described below. 
Figure 14 shows the force–displacement diagrams for the 
tensile and flexural tests for the optimized and unidirectional 
reinforced specimens. The average maximum forces with 
the corresponding standard deviations for the tensile and 
flexural tests are shown in Fig. 15.

Fig. 13  Test setup of the tensile 
test with clamped tensile speci-
men with stochastic pattern and 
the digital image correlation 
system (DIC)
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Fig. 14  Force–displacement diagrams of the tensile tests in (a) and the flexural tests in (b)
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Considering the average values obtained (see Fig. 15), 
it becomes apparent that the optimized specimens absorb 
significantly higher peak loads in both test series. Compared 
with the unidirectional reinforced open-hole plates, the opti-
mized open-hole plates with an average measured maximum 
force of approx. 10 kN have a peak load that is greater by a 
factor of 3. The optimized flexural specimens, on the other 
hand, withstand a maximum load of approx. 3.7 kN, a factor 
of 1.9 greater than the unidirectional reinforced specimens. 
As expected, all specimens exhibit brittle fracture. Three 
of the six unidirectional reinforced open-hole plates exhibit 
failure with multiple fractures (see Fig. 14a). This is due to 
the failure and fracture of individual fiber strands at short 
time intervals. In all three specimens, the first break is fol-
lowed by a clearly visible drop in force with subsequent 
complete failure of the specimen.

The greater effects of principal stress-based fiber orienta-
tion on the mechanical properties of the tensile specimens 
compared with the flexural specimens are attributed to part 
weakening due to the hole. A significant amount of unidi-
rectional fiber strands before and after the hole does not 
result in any increase in strength, which is also a primary 
criticism of conventional fiber orientation. In contrast, a 
fiber alignment based on the principal stress leads to a more 
uniform force distribution. It also results in simultaneous 
loading of all fiber strands and also reduces stress peaks at 
the weakened cross section. This is also evident from the 
measurements made using the digital image correlation sys-
tem (Fig. 18).

Figures 16 and 17 show all broken tensile and flexural 
specimens. With the exception of one optimized specimen, 
which shows a deviating fracture pattern (see Fig. 16b, 
Specimen 1), all open-hole plates are fractured at the 
point with the smallest cross section. All unidirectional 
reinforced specimens have two broken pieces, while the 
optimized specimens are broken into an upper and lower 

half, as well as several smaller broken pieces. The clearly 
visible damage around the hole is conspicuous, indicating 
that areas of high stress occur not only on the sides of the 
hole transverse to the load. This is also supported by the 
measurements using the digital image correlation system 
(see Fig. 18).

All fractured flexural specimens with unidirectional fiber 
orientation show an expected central fracture. In contrast, 
the optimized specimens show a completely different frac-
ture pattern. All specimens show a fracture right of center 
with an approximately diagonal course through the speci-
men. The fracture occurs on the lower half along the second 
principal stress direction σ2 (compression) and on the upper 
half along the first principal stress direction σ1 (tension) (see 
also Fig. 20).

The results of the measurement using the digital image 
correlation system are shown in Fig. 18. The measurements 
were performed on each specimen. However, very similar 
deformations are observed in all measurements. Therefore, 
the measurements of the first specimen, respectively, at 50% 
and at 90% of the applied maximum load are presented as 
representative. Based on the measured deformations of the 
open-hole plates, the optimized specimens (Fig. 18a) show 
a significantly more homogeneous stress distribution at 50% 
of the maximum load compared with the unidirectional rein-
forced specimens (Fig. 18b). At 50% peak load, significant 
stress peaks transverse to the applied load can already be 
observed at the hole edges with unidirectional fiber ori-
entation. These deformations increase progressively with 
increasing load. Above and below the hole, only very slight 
deformations are observed. At 90% load, the optimized 
specimens show a more homogeneous deformation over the 
surface, but exhibit increased deformations at the upper and 
lower sides of the hole. No compression is observed on the 
sides of the hole. The comparatively low strains at the weak-
est part cross section are remarkable. Nevertheless, even the 

Fig. 15  Overview of the average 
maximum force of the tensile 
and flexural tests, subdivided 
into optimized and unidirec-
tional reinforced specimens 
with the corresponding standard 
deviations
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Fig. 16  Fractured tensile specimens with unidirectional fiber orientation in (a) and with optimized fiber orientation in (b)
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Fig. 17  Fractured flexural specimens with unidirectional fiber orientation in (a) and with optimized fiber orientation in (b)
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optimized open-hole plates show a dominant fracture pattern 
at the hole sides transverse to the load.

When comparing the measured deformations of the flex-
ural specimens, very different deformations can be observed. 
While the flexural specimens with unidirectional fiber ori-
entation (Fig. 18d) show deformations corresponding to the 
maximum bending moment, the optimized specimens show 
hardly any deformations in the middle area of the speci-
men (Fig. 18c). In the optimized specimens, the deformation 
shifts to the sides of the specimen, which is also expected 
from the off-center fractures of the specimens. The high 
fiber content in the most stressed areas in the center of the 
specimen prevents large deformation changes and leads to a 

shift to the edges of the specimen with a lower relative fiber 
volume fraction.

The microstructure of the fracture surfaces was inves-
tigated using SEM images to determine the main failure 
mechanisms and to investigate possible differences between 
the fiber orientations. For this purpose, images were taken of 
both specimen types with optimized and unidirectional fiber 
orientations. The images are shown in Fig. 19.

50 % FMax 90 % FMax

optimized

50 % FMax 90 % FMax

unidirectional

(a) (b)

50 % FMax

90 % FMax

50 % FMax

90 % FMax

(c) (d)

Fig. 18  Measured deformations using DIC for optimized tensile specimens in (a), unidirectional reinforced tensile specimens in (b), optimized 
flexural specimens in (c), and unidirectional reinforced flexural specimens in (d)

Fig. 19  Microstructure of fractured cross sections of optimized ten-
sile specimens in (a) and (b), unidirectional reinforced tensile speci-
mens in (c, d), optimized flexural specimen in (e, f), and unidirec-
tional reinforced flexural specimen in (g, h)

◂
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All fracture surfaces show comparable failure mecha-
nisms. The optimized tensile specimens are characterized by 
the significantly higher fiber content in the fracture surfaces 
of broken fiber strands. The unidirectionally reinforced ten-
sile specimens show predominantly protruding or pulled-out 
fiber strands in the surrounding matrix. Based on the frac-
ture surfaces of the optimized and unidirectional reinforced 
tensile specimens (Fig. 19a, c), delamination between the 
fiber layers is clearly visible. This indicates a low level of 
layer adhesion between the fiber strands. Within the lay-
ers, mainly exposed or vacancies caused by pulled out fibers 
can be seen, indicating a low interfacial adhesion between 
the matrix and the fibers embedded therein. In some cases, 
entire fiber bundles are present without surrounding matrix 
(see Fig. 19b). Debonding and delamination have also been 
identified by, e.g., in [16, 26–28] as major failure mecha-
nisms in printed continuous fiber reinforced components. 
In some areas (e.g., Fig. 19d, f), non-uniform fiber embed-
ding is also observed, with matrix-dominated areas and areas 
of high fiber density. This was also described in [49]. The 
layered structure is clearly observed in the flexural speci-
mens (see Fig. 19e, g). The fracture surfaces of the flexural 
specimens also show delamination between the layers. The 
fracture surfaces of the unidirectionally reinforced flexural 
specimens (Fig. 19g, h) show that the fracture is at the level 
of the transversely embedded fiber strands. In this context, 
the transversely embedded fibers act as a weak point. The 
same behavior is also seen in the optimized bending speci-
mens, where the fibers are aligned along the principal stress 
directions. On the tensile side of the specimens, the fracture 

occurs in the direction of the second principal stress direc-
tion (compression). On the compressive side, however, the 
fracture occurs along the first principal stress direction (ten-
sion). The curved fiber strands therefore lead to a slanted 
fracture progression. The fracture path is illustrated in 
Fig. 20. The debonding, which can be observed in the tensile 
specimens even under tensile loading, is intensified by the 
transverse loading of the fiber strands. The inhomogeneity 
of the fiber strands promotes cracking and fracture of the 
specimen under transverse tension. Therefore, hardly any 
matrix around the adjacent transversely embedded fibers is 
visible at the fracture surface of the flexural specimens (see 
Fig. 19f, h).

5  Conclusion

In this work, a method was presented that allows the con-
tinuous fiber-reinforced additive manufacturing of parts 
with load-oriented fiber alignment. The fibers are aligned 
along the first and, if necessary, the second principal stress 
direction. A CAIO approach was chosen to calculate the 
principal stress trajectories. A developed program generates 
the G-code required for manufacturing based on the part 
geometry and the calculated trajectories. The use of a dual 
extruder allows the production of parts made of unreinforced 
thermoplastic with the possibility of local integration of con-
tinuous fiber strands.

Based on the presented method, tensile tests on carbon 
fiber reinforced open-hole plates and flexural tests were 

F

Specimen fracture

1 (tensile) 2 (pressure)

Fig. 20  Fracture progression along the first principal stress direction for the lower half and along the second principal stress direction for the 
upper half of the flexural specimen
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performed. The specimens were fabricated and tested with 
both principal stress-based and unidirectional fiber align-
ment. For the tensile specimens, only the first principal 
stress direction was considered, while for the flexural speci-
mens both the first and second principal stress directions 
were considered. In this case, the slicing program allows an 
alternating layer structure with alternating fiber orientations. 
In order to better compare the tensile and flexural specimens 
with different fiber orientations, similar fiber volume frac-
tion was used. During the mechanical tests, it was found that 
the principal stress-based orientation of the fibers led to a 
significant increase in the strength of the parts. The peak 
load of the optimized tensile specimens exceeded that of the 
tensile specimens with unidirectional fiber orientation by a 
factor of about 3. The optimized flexural specimens showed 
a peak load that was higher by a factor of 1.9 compared 
with flexural specimens and unidirectional fiber orientation. 
Based on measurements using digital image correlation, it 
was shown that a principal stress-based fiber orientation 
leads to a more homogeneous stress distribution. This results 
in a reduction in stress peaks, especially in weakened part 
cross sections.

The proposed process therefore makes it possible to 
significantly increase the strength of continuous fiber-rein-
forced and additively manufactured parts or to reduce the 
weight or fiber content while maintaining the same mechani-
cal properties. In principle, the method is also useful for 
additively manufactured parts without fiber reinforcement, 
for example for additively manufactured lattice structures. 
In the context of fiber-reinforced parts, however, the stress-
based fiber alignment is of particular importance. Since the 
fibers exhibit outstanding strength and stiffness properties in 
the longitudinal direction, but only very low strengths and 
stiffnesses transverse to the fiber orientation, minimization 
of the shear stresses is a target for improving the mechani-
cal properties. This is made possible with principal stress-
based fiber orientation. In future, principal stress-based 
fiber alignment using simulation-based calculations in slic-
ing programs could lead to an increasing use of continuous 
fiber-reinforced material in the industry. It should be noted, 
however, that larger loads can only occur in one direction 
parallel to the build plane. In this context, processes must 
be developed in future that enable additive manufacturing 
of continuous fiber-reinforced parts with a fiber orientation 
in multiple spatial directions. Also, the improvement of 
the interfacial adhesion between fiber and matrix and the 
adhesion between the layers should be given special atten-
tion, since in this work it was shown that delamination and 
debonding are the main failure mechanisms.
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