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A B S T R A C T

Using 3D printing, continuous fibre can be steered in high curvature paths to create variable-stiffness (VS)
laminates for applications such as notched laminates. In the present study, VS 3D printed continuous carbon
fibre-reinforced thermoplastic laminates were designed, manufactured, and tested, to improve open-hole tensile
behaviour. The design was carried out taking into account the current limitations of fused filament fabrication.
A curvilinear function was used to describe the fibre trajectory of the VS laminates, which enabled the
parametrisation of the design-oriented meso-scale model based on the finite element method. Conventional
stress-based models for the estimation of damage initiation and ultimate failure strengths were adapted to the
behaviour of the 3D printed material. These models successfully reproduced the fibre-dominated behaviour of
the printed laminate. An as-manufactured model was also developed to analyse the effect of defects caused by
manufacturing constraints. VS laminates presented higher strength than quasi-isotropic reference laminates for
holes larger than ∅1 mm, increasing to more than 30% for holes of ∅6 mm or larger. In addition, this increase
in strength combined with the slight decrease in stiffness significantly increased the energy absorbed up to
failure (up to 200%).
1. Introduction

Fibre-steering has expanded the design space for composite lami-
nates, particularly in the development of high performance and light
weight components, and has become the subject of considerable re-
search in recent decades [1]. The stiffness in these non-conventional
laminates is tailored to create a more favourable load distribution. As
a result, laminates with different stiffness depending on the spatial
location can be designed. Known as variable-stiffness (VS) laminates,
these take full advantage of the directional properties of compos-
ite materials and improve component performance over conventional
straight-fibre, or constant-stiffness (CS) laminates. This improvement
has been demonstrated for different criteria such as stiffness, strength,
dynamic behaviour, and buckling [2].

Two main approaches have been proposed to model and optimise
the behaviour of VS laminates: laminate stiffness discretisation and
fibre path parametrisation [3]. In the first, independent stiffness prop-
erties caused by fibre orientations are determined for discrete regions
of the laminate, such as the elements in finite element modelling. Hyer
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and Lee [4] pioneered the application of this model to improve the
buckling resistance of composite plates with central circular holes. This
approach has since been widely used to determine fibre trajectories,
such as principal stress and load paths. The second strategy uses a
curvilinear function to describe the trajectory of the fibre. First intro-
duced by Gürdal and Olmedo [5], in this approach the fibre orientation
angle varies linearly with position. These structures are referred to as
VS panels and were the basis for many later developments, mainly
because of their manufacturability. Most notably, Lopes et al. analysed
the progressive damage and failure of VS panels [6] and designed
structures tolerant to stress concentrations around large cut-outs [1].

The application of fibre-steering has gone hand in hand with tech-
nological development [7]. In recent years, automatic manufacturing
technologies such as Automated Fibre Placement (AFP) have been
developed to produce high performance large-scale VS panels for the
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aerospace industry. However, the constraints imposed by this tech-
nology (e.g., minimum steering radius of about 500 mm), the de-
fects produced during manufacture (gaps or overlaps) [8], and high
manufacturing costs have hampered the wider use of VS laminates.

3D printing is a more recently developed additive manufacturing
technology for fibre-reinforced plastic components. This technology
is attracting widespread interest because of the design freedom it
offers to create complex products in terms of material, structure, and
function [9,10]. Multi-scale architected composites can be developed
with this technology: (1) topology optimisation at the macro-scale, (2)
continuous fibre path design and cellular/lattice structure design at
the meso-scale, and (3) control of constituents at the micro-structural
level to obtain, for example, functionally graded composites. In addi-
tion, 3D printing requires fewer steps than conventional manufactur-
ing techniques, with no special tools and little waste. The research
of Morales et al. [11,12] showcases the potential of this new technol-
ogy, in which thin-walled profiles with promising crush behaviour for
crashworthiness applications were printed and tested.

Despite this potential, continuous fibre 3D printing is at an early
stage of development and has limitations that restrict its use in real
applications. On the one hand, the mechanical properties of printed
composites are lower than those obtained by conventional manufactur-
ing methods, due to the presence of more defects and a lower fibre
volume fraction [13]. With regard to manufacturing, free fibre path
planning printers are not yet commercially available, and because of
low production capacity and medium print volumes, this technology
cannot currently be used for mass production. On the other hand,
accurate models to reproduce the behaviour of these non-conventional
materials and structures are yet to be developed, mainly because they
are highly heterogeneous and anisotropic. It is therefore necessary to
adapt existing models and analysis tools, or create new ones, to design
reliable high-performance components.

Material extrusion, known as Fused Deposition Modelling (FDM)
or Fused Filament Fabrication (FFF), is currently the most widely
used composite 3D printing process due to its simplicity and perfor-
mance [14]. In FFF, a fibre-reinforced thermoplastic filament, usu-
ally pre-impregnated, is melted and extruded through a nozzle and
deposited on the printing layer. This allows greater fibre curvature
freedom and a thinner fibre-path width than the AFP process. FFF 3D
printing of continuous fibre composites is thus ideally suited to enlarge
the design and manufacturing spaces of steered-fibre composites to
include, for example, structurally-critical notches and fastening holes.

In line with this idea, several 3D printing solutions for open-hole
tensile (OHT) cases have recently been developed [15–24]. In these
works, different fibre trajectories are proposed, such as: principal
stress [15], load path [16,17,23], fluid flow streamlines [19,20], hole
contour [21,22], and others resulting from numerical optimisation
processes [18,19]. As a result, a load redistribution is achieved that
increases component stiffness [17,19,24], reduces stress concentra-
tion [15,21] and significantly increases the ultimate strength [15,17–
20,22–24]. Despite these preliminary studies, the application of 3D
printing technology to the fabrication of non-conventional laminates in
terms of manufacturing, modelling, and design has yet to be explored.
This motivated the present design and testing program, where fibre-
steering by means of 3D printing is investigated to tailor stiffness and
improve the strength of notched composites.

The aim of the present study therefore, is to evaluate the capac-
ity of continuous fibre 3D printing for the manufacture of variable-
stiffness laminates that enhance the mechanical performance of struc-
tural components. To this end, we designed, manufactured, and tested
variable-stiffness OHT specimens and compared their behaviour with a
constant-stiffness quasi-isotropic (QI) reference laminate for different
hole sizes. The specimens were manufactured on a commercial FFF
printer to assess the current capabilities and limitations of the process.
2

A curvilinear function was used to describe the fibre trajectory of the VS
laminates, which allowed the design models to be parameterised. Con-
ventional stress-based models were employed for the design of the VS
laminates. These estimated the OHT loads at which damage initiation
and ultimate failure occur and were adapted to the 3D printed material
behaviour. Finally, the most promising laminates were manufactured
and tested, and the influence of manufacturing constraints and defects
was analysed.

2. 3D printing of variable-stiffness laminates

2.1. Technology and material

In this study, we used the FFF 3D printing technology of pre-
impregnated filament from Markforged® [25]. Continuous carbon fibre
reinforced polyamide (cCF/PA) was selected due to its higher strength
and stiffness as compared to the other materials available for this
technology [26]. The micro-structure, composition, and mechanical be-
haviour of cCF/PA were analysed and reported in previous works [13,
27,28]. Calorimetric test results indicated that the PA matrix is amor-
phous with a glass transition temperature of 143 ◦C [27]. The fibre
volume fraction in the printed samples was 31.4%, while the voids,
located mainly at bead and layer limits, were 7.5% in volume [13].
The mechanical behaviour in the longitudinal direction was found to
be satisfactory, however the mechanical performance under transverse
and interlaminar loads was highly influenced by manufacturing defects
(non-homogeneous fibre distribution, large amounts of intra- and inter-
laminar voids, and weak interlayer bonding) [13,28]. These defects can
be considerably reduced by applying post-processing heat treatments
without modifying the nominal dimensions of the printed part, as
reported by Pascual-González et al. [29]. The elastic and strength
properties at ply level and the interlaminar fracture toughness of the
printed cCF/PA material are shown in Table 1.

Markforged® provides software, called Eiger™, for print setup. This
technology is a closed solution and offers limited strategies for layer
filling: isotropic filling and concentric filling. The isotropic pattern fills
the layer with straight and parallel beads, creating a unidirectional
layer similar to traditional laminated composites. In concentric filling,
the fibre path follows the outer contour of the part, tracing a spiral from
outside to inside with a given number of rings. In this study, isotropic
filling was used to print the straight-fibre layers (0◦, 45◦, and 90◦), while
concentric filling was used to print the steered-fibre layers. Eiger™ also
includes bottom and top layers (called floor and roof, respectively) to
protect the part. These layers are 100% filled with a ±45◦ rectangular
attern of Onyx™ and cannot be omitted. Onyx™ is a polyamide 6

reinforced with carbon micro-fibres, a material available in the Mark
Two™ printer for construction and filling.

Using this technology, curvature radii of up to 1 mm can be pro-
duced, although radii of less than 15 mm are not recommended to
prevent twisting and fibre breakage [30,31]. The minimum cutting
length is approximately 50 mm, which corresponds to the minimum
printable bead length. During the process, the 380 μm diameter fil-
ament is flattened to a bead width of approximately 0.9 mm and a
thickness of 125 μm (thickness of the printed layer).

2.2. Design for manufacturing

In this study, the commonly adopted fibre orientation definition
of Gürdal and Olmedo [5] was employed. The orientation angle 𝜃(𝑦) of
the reference fibre path varies linearly with respect to the 𝑦-position,
from 𝑇0 at the centre of the width 𝑊 of the specimen to 𝑇1 at the
free edge (Fig. 1(a) and Eq. (1)). The path of the fibre is considered
antisymmetric with respect to the origin, and the ideal steered-fibre
layer is created by shifting the reference path along the 𝑥-axis direction.
Thus, the orientation of each layer is defined with only two param-
eters (𝑇0 and 𝑇1), making it suitable for parametric and optimisation

studies. This steered-fibre layer configuration is referred to as ⟨𝑇0|𝑇1⟩,
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Table 1
Mechanical properties of the printed cCF/PA material [13,28].

Ply elastic properties 𝐸11 = 69.4 GPa; 𝐸22 = 3.5 GPa; 𝜈12 = 0.41; 𝐺12 = 1.9 GPa
Ply strengths (MPa) 𝑋T = 905.3; 𝑋C = 426.0; 𝑌T = 17.9; 𝑌C = 66.0; 𝑆L = 43.4
Interlaminar fracture toughness (J/m2) 𝐺Ic = 1260; 𝐺IIc = 1180
Table 2
Layup characteristics of the designed and tested QI and VS laminates.

Laminate Designation Ply orientation (◦) Ply ratios (%) Stacking sequence

Quasi-isotropic QI 0/±45/90 25/50/25 [−45∕0∕45∕90]2s
Variable-stiffness VS⟨𝑇0|𝑇1⟩ ±⟨𝑇0|𝑇1⟩/±45/90 50/25/25 [-45/+⟨𝑇0|𝑇1⟩/-⟨𝑇0|𝑇1⟩/90/45/-⟨𝑇0|𝑇1⟩/+⟨𝑇0|𝑇1⟩/90]s
3
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and is usually combined with layers containing equal but opposite
orientations ±⟨𝑇0|𝑇1⟩.

𝜃(𝑦) =
2(𝑇1 − 𝑇0)

𝑊
𝑦 + 𝑇0 (1)

The manufacturing constraints of current 3D printing technology
in fibre-steering (Section 2.1) require that VS laminates are designed
taking into consideration the manufacturing process. In the present
paper, the required fibre trajectory was achieved by first creating
control-surfaces in CAD whose contours matched the reference curves.
In the printing setup, these surfaces were then filled with a concentric
multi-ring filler that followed the curvilinear contour (Fig. 1(b)). The
axial distance between the reference contours is the shift distance 𝑑s.
A similar solution was reported in [32] for the design of optimised
composite components.

This procedure creates gaps in the central area of the control-surface
and in the corner regions of the rings (Fig. 1(b)), which cannot be
filled with cCF/PA material. These areas were filled with Onyx™. Fibre
cuts (with a misaligned segment corresponding to the initial printing
point) and fibre turnings also occurred in the corner regions of the
rings (Figs. 1(b) and 1(c)). In addition, the orientation of the inner
rings or beads did not coincide with the orientation of the reference
curve defined by Eq. (1): the further the bead is from the reference
curve, the greater the deviation of the fibre orientation. This deviation
is more accentuated for a large shift distance (𝑑s in Fig. 1(b)), where
the number of equidistant rings or beads is greater.

The contours of the reference surface in this study were sufficiently
separated to introduce two cCF/PA rings at the ends of the control-
surface (see detail in Fig. 1(b)). This achieved an acceptable amount of
reinforcement cCF/PA material, without excessive deviation of the fibre
orientation from the reference path. The width of the control-surface at
these ends was 𝑤1 = 4𝑤b+𝑤g, where 𝑤b is the width of the bead and 𝑤g
s the minimum gap between the beads in the corner regions, with both
imensions being 0.9 mm. As shown in Fig. 1(b), the shift distance was
s = 𝑤1∕ sin(𝑇1). Therefore, the smaller the angle 𝑇1, the greater the
istance between the reference contours. To ensure a fibre orientation
lose to the reference path, a minimum angle of 10◦ was set for both
0 and 𝑇1.

The printing of a complete layer was carried out by shifting the
ontrol-surface as many times as necessary along the 𝑥-axis, as il-
ustrated in Fig. 1(c). This produced a course of beads between the
ap zones similar to those created in AFP technology with the tow-
rop method [8]. The same procedure was repeated for each layer to
roduce a laminate. The manufacture and preparation of the specimens
s described in Section 4.1.

Using this manufacturing strategy, up to 80% of the surface of
he layer was filled with cCF/PA material. In this way, up to 25% of
ibre volume fraction was obtained, while for a unidirectional fully
illed cCF/PA layer this fraction reached around 31.4%. The sample
resented in Fig. 1(c) is a ⟨45|10⟩ configuration ply printed on a white
A layer.
3

u

. Design of open-hole tensile specimens

.1. Problem statement and design procedure

In this study, a VS laminate for an OHT case was designed, man-
factured, and tested, and compared to the QI reference laminate for
ifferent hole sizes. This new solution was achieved without increasing
he laminate weight, as the same thickness and number of plies were
sed in both laminates, and the densities of cCF/PA and Onyx™ are

equal [26].
The OHT loading direction was the 𝑥-axis, and the fibre orientation

𝜃(𝑦) was defined with respect to this axis, as shown in Fig. 1(a). Speci-
men dimensions were established following the ASTM D5766 standard
recommendations for OHT tests [33]. The width 𝑊 of the specimen
was 36 mm, with a symmetrical and balanced laminate of 16 layers,
resulting in a nominal sample thickness of 2 mm. The hole diameter of
the reference sample configuration was ∅6 mm, but configurations with
∅3 mm (half the reference) and ∅12 mm (double the reference) holes
were also analysed, giving a specimen width-to-hole diameter ratio of
6, 12, and 3, respectively.

The characteristics of the two types of laminates studied are set
out in Table 2. The QI laminate followed the standard structure, with
ply orientations of 0◦, ±45◦, and 90◦, and a ply ratio percentage of
5/50/25, respectively. The designed VS laminate combined 50% of
teered-fibre ±⟨𝑇0|𝑇1⟩ layers with 25% standard straight-fibre layers
riented at ±45◦, and 25% at 90◦. Straight-fibre layers were included
o minimise the effect of manufacturing defects in the steered-fibre
ayers and to stiffen the weaker directions, thus achieving a robust
esign. This laminate configuration was the result of a preliminary
nalysis carried out with the parametric FE model described in the
ollowing paragraph. It should be noted that the VS laminate did not
ontain plies with fibres oriented in the loading direction (0◦ plies),
s a behaviour different to that of traditional laminates was desired.
ariable-stiffness laminates with the layup characteristics in Table 2
re hereinafter referred to as VS⟨𝑇0|𝑇1⟩.

With this approach, the design variables of the VS laminate were
educed to the orientation of the fibres at the centre 𝑇0 and free edge
1 of the steered-fibre plies. These orientations were determined by
arametric studies in the range of potential ⟨𝑇0|𝑇1⟩ angles following
he procedure applied by Lopes et al. for VS panels [1] and using the
ommercial finite element (FE) package Abaqus [34]. This parametric
odel estimated the OHT loads at which damage initiation and ulti-
ate failure occur for each laminate configuration. For this purpose,

tress-based failure models were implemented in a Fortran subroutine
‘UVARM’’ to obtain the User defined VARiables at FE Material points.
he in-plane stiffness (linear and shear) was also determined for each

aminate configuration.
In this design-oriented parametric model, no distinction was made

etween the cCF/PA reinforcement and Onyx™ filler zones of the
teered-fibre layers, and homogenised properties were used. These
omogenised properties were considered to vary in the layer with
espect to the transverse 𝑦-position, as the average amount of fibre
hanges due to the ratio between the reinforcement material and the

nreinforced gap. To do so, a model that determines the fibre volume
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Fig. 1. 3D printing of steered-fibre ply: (a) ⟨𝑇0|𝑇1⟩ reference fibre path, (b) concentric filling of the control-surface between two reference fibre paths, and (c) ⟨45|10⟩ configuration
obtained by shifting the control-surface. This ply was printed on a white PA layer and without Onyx™ filling for better visualisation of the cCF/PA reinforcement.
fraction and the homogenised material properties at each position of
the steered-fibre ply was developed. The process of determining mate-
rial homogenised properties, the failure criteria, and the FE model are
described in the following sections. This parametric study configuration
was implemented in a user-developed Python script for Abaqus.

3.2. Homogenisation of mechanical properties

The homogenised properties of the steered-fibre plies vary as a
function of the transverse 𝑦-position, due to the variation of the average
fibre quantity. The model developed to estimate fibre content for each
position is illustrated in Fig. 2. The unreinforced central gap of the
control-surface was assumed to be of constant width and follows the
trajectory of the reference curve. The value of this width is 𝑤b + 𝑤g
and matches the average width of the gap (Fig. 1(b)). The shift distance
between the reference contours is 𝑑s = (4𝑤b + 𝑤g)∕ sin 𝑇1, as seen in
Section 2.2, from which the distance 𝑑g(𝑦) = (𝑤b+𝑤g)∕ sin 𝜃(𝑦) contains
no reinforcement (Fig. 2). Thus, the fibre volume fraction is determined
by the following ratio:

𝑣f (𝑦) = 𝑣rawf

𝑑s − 𝑑g(𝑦)
𝑑s

(2)

where 𝑣rawf = 33.9% is the fibre volume fraction of the raw material of
the filament [27]. The equation shows that the smaller the angle 𝜃, the
smaller the amount of fibre. This can also be seen in Fig. 1(b), where
the quantity of beads and fibre is less at the free edge, an area with a
lower 𝜃 fibre orientation.
4

Fig. 2. Model developed to estimate the average fibre content at a transverse
𝑦-position.

The homogenised elastic properties at each position of the steered-
fibre ply were determined with the methodology proposed by Polyzos
et al. [35], in two steps. Firstly, the properties of the raw material
composed of carbon fibre and PA matrix are determined by means of
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Table 3
Effective properties of the constituents obtained from reverse engineering of the in-plane ply properties.

Carbon fibre elastic properties 𝐸f
11 = 215 GPa; 𝐸f

22 = 8.0 GPa; 𝜈f12 = 0.32; 𝐺f
12 = 20.0 GPa; 𝐺f

23 = 18.0 GPa
Carbon fibre strength 𝑋f

T = 2900 MPa; 𝑋f
C = 1400 MPa

Polyamide matrix elastic properties 𝐸m = 3.1 GPa; 𝜈m = 0.48
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the micro-mechanical model of Chamis [36]. Then, the properties of
the characteristic meso-structure created in the 3D printing process are
estimated using the void-model of Rodríguez et al. [37]. This second
step takes into account the voids that are created mainly between the
cCF/PA beads during printing, which significantly reduce the material
properties. This procedure is detailed in Appendix.

The fibre and matrix effective properties required to apply the ho-
mogenisation model were predicted using reverse engineering from the
experimental in-plane ply properties (shown in Table 1 and reported
in [13]) and using the micro-mechanics and void-model equations
(Eqs. (A.1)–(A.3)). A similar procedure was carried out by Chamis
et al. [38] using optimisation subroutines, in a multi-scale method-
ology. These effective properties take into account any degradation
or improvement in the bulk constituent material properties caused
by thermal residual stresses from the printing process, environmental
effects, and/or the fibre-matrix interface. The predicted effective prop-
erties, shown in Table 3, were consistent with the provided fibre and
matrix material properties [27,39,40]. The in-plane ply properties ob-
tained from these values showed good agreement with the experimental
results. The error was less than 1%, except for the Poisson’s ratio, which
is underestimated by the model, with an error of 4%. This result was
also observed by Rodríguez et al. [37] and could be due to molecular
orientation effects in the matrix of the extruded beads.

3.3. Failure criteria

At present, there is little published data on the failure mechanisms
and criteria for 3D printed continuous fibre composites. However, the
printed cCF/PA material exhibits a mechanical behaviour similar to
that of traditional orthotropic unidirectional composites [13], which
have been the subject of much study in recent decades. It is therefore
possible to adapt or extend existing criteria to the behaviour of printed
composites, as has been done in preliminary studies [41–43]. Based
on this idea, the failure criteria developed for traditional composite
materials were used and adapted in this study, as described in the
following sections.

3.3.1. First-ply failure criteria
The onset of damage or the first-ply failure (FPF) was determined by

the LaRC failure criteria. These stress-based criteria analyse the physics
associated with the failure process at the micro-mechanical level and
apply it at ply and laminate level. It is determined from the stress
distribution of each layer, obtained by the FE method in this study,
and from the in-situ strengths of the plies. The latest development of
LaRC criteria is LaRC05 by Pinho et al. [44,45], which distinguishes
between matrix cracking, fibre kinking and splitting, and fibre tensile
failure. The failure indexes (FI) corresponding to these three failure
modes are determined according to Eqs. (3). Failure occurs when the
index reaches a value of 1.

FIM =

(

𝜏T
𝑆 is
T − 𝜂T𝜎N

)2

+

(

𝜏L
𝑆 is
L − 𝜂L𝜎N

)2

+

(

⟨𝜎N⟩+
𝑌 is
T

)2

(3a)

FIKink∕Split =

(

𝜏m23
𝑆 is
T − 𝜂T𝜎m2

)2

+

(

𝜏m12
𝑆 is
L − 𝜂L𝜎m2

)2

+

(

⟨𝜎m2 ⟩+
𝑌 is
T

)2

(3b)

FIFT =
⟨𝜎1⟩+
𝑋T

(3c)

The matrix failure criterion (Eq. (3a)) is an adaptation of the Mohr–
oulomb failure criterion for unidirectional composite plies. 𝜏 , 𝜏 and
5

T L s
Table 4
In-situ strengths (MPa) of the printed cCF/PA composite for each ply configuration.

Ply configuration 𝑌 is
T 𝑆 is

L 𝑆 is
T

Thin embedded ply 47.9 60.8 40.0
Thin outer ply/Embedded clustered plies 39.8 55.2 36.9

𝜎N are transverse shear stress, longitudinal shear stress, and normal
stress in the fracture plane, respectively, and are obtained by stress
transformation [44]. The strengths 𝑌 is

T , 𝑆 is
L and 𝑆 is

T are the in-situ
transverse tensile strength, longitudinal shear strength, and transverse
shear strengths, respectively, and account for the increase in strength
due to the constraining effect of adjacent layers. The friction or slope
coefficients 𝜂L and 𝜂T represent the effect of pressure on the failure
esponse. The third term of the criterion represents the contribution of
ormal traction to crack opening.

In this study, a transverse slope coefficient 𝜂T of 0.29 was consid-
red, obtained from the pure transverse compression test and assuming
fracture angle of 53◦, which is typical for laminated composites.

he longitudinal slope coefficient 𝜂L is calculated from biaxial failure
nvelopes. This characterisation is not yet available for the printed
aterial, so a value of 0.1 was assumed, based on the recommendations

or carbon fibre reinforced composites [45]. Fracture mechanic models
f crack propagation in constrained layers were used to calculate
hese in-situ strengths [44,46,47]. The initial energy release rate was
onsidered for crack growth, and transverse and shear behaviours
ere assumed to be non-linear, using the mechanical characterisation
reviously performed and reported in [13,28,48]. The in-situ strength
alues calculated for the different ply configurations are presented in
able 4.

The fibre kinking or splitting criterion is given in Eq. (3b). 𝜎m2 , 𝜏m12,
nd 𝜏m23 are the stresses in the misalignment frame, and are obtained
y stress transformation [44]. The fibre misalignment angle depends
n the initial misalignment angle (manufacturing defect) and the shear
train produced by the stress state. An initial misalignment angle of 4.5◦
as estimated from the longitudinal compression test results reported

n [13] and set out in Table 1. This initial misalignment is higher
han that of traditional composites, indicating that the printed material
nherently contains more manufacturing defects (fibre misalignment
nd waviness, voids, etc.), which favours fibre kinking and reduces
ompressive strength. This behaviour was also noted by Tang et al. [43]
nd Zhang et al. [31].

The last criterion is the fibre tensile failure criterion, which is
ased on the maximum stress criterion, as stated in Eq. (3c). 𝑋T is the
ongitudinal tensile strength, reported in [13] and shown in Table 1
or straight-fibre plies and determined by Eq. (A.3) for the steered-fibre
lies.

.3.2. Ultimate failure criteria
Multidirectional laminates can accumulate damage and redistribute

oad after the onset of damage, withstanding a considerable increase
n load before ultimate failure (UF) [49]. The failure mechanism of
omposites is complex, but a number of failure models have been de-
eloped to predict the notch strength of a laminate [50]. These include
implified models such as the stress-based, which provide a reasonably
ccurate notched strength prediction with simple computations and a
elatively low amount of mechanical tests. This makes them suitable
or preliminary designs based on parametric studies, as in the present

tudy.
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Fig. 3. Application of the ultimate failure PSC model in the steered-fibre ply.

One of the first and most widely used stress-based models developed
for the prediction of the notched strength of fibre-dominated laminates
is that proposed by Whitney and Nuismer [51] and extended by Chen
et al. [52]. In this model, ultimate failure occurs when the elastic
stress in the load-bearing ply at a distance from the edge of the hole
(point stress criterion (PSC)), or the average stress over a distance
(average stress criterion) reaches the ultimate longitudinal strength of
the un-notched unidirectional laminate. This dimension is known as the
characteristic distance 𝑑0, and represents the distance below which the
material must be critically stressed to produce the ultimate failure of
the laminate.

In this study, the PSC model was applied to the load-bearing ply,
but with some modifications due to the laminate characteristics. The
load-bearing plies considered were the 0◦ ply for the QI laminate and
the steered-fibre ply for the VS laminate. In the latter, the maximum
longitudinal stress 𝑆11, which in traditional laminates is on the trans-
verse axis through the hole (𝑦-axis in Fig. 3), is slightly displaced due to
the oblique fibre orientation. Therefore, a circular characteristic curve
of radius 𝐷∕2 + 𝑑0 was defined (Fig. 3), where the failure criterion
given in Eq. (4) was applied. Thus, the ultimate failure of the laminate
results when the longitudinal stress 𝑆11 reaches the tensile strength
𝑋T of the ply at any point on the characteristic curve. In the case
of the QI laminate, the point of analysis is at the intersection of the
characteristic curve with the 𝑦-axis (Fig. 3). The longitudinal tensile
strength 𝑋T of the 0◦ layer of the QI laminate is obtained from the
mechanical characterisation of the material ( Table 1), and that of the
VS layer is obtained from the homogenisation process (Eq. (A.3)).

FIF =
𝜎11|𝑟=( 𝐷2 +𝑑0)

𝑋T
= 1 (4)

The characteristic distance 𝑑0 was considered as a laminate property
independent of the hole size, based on the results reported by Chen
et al. [52] for fibre-dominated well dispersed laminates. The character-
istic distances were determined by performing OHT tests on reference
laminates for a ∅6 mm hole diameter.

3.4. Finite element method implementation

The VS laminate for the OHT case was designed with a parametric
study using the commercial FE package ABAQUS [34]. For this purpose,
6

Fig. 4. Boundary conditions and meshing of the FE model for the calculation of the
OHT strength. A finer mesh was applied to the hole contour for accurate prediction.

several FE models based on incremental displacement static analysis
were developed to calculate the OHT strength and stiffness of the
laminates.

The boundary conditions of the OHT test (Fig. 4) were modelled as
follows:

• On the lower edge, the embedded condition was modelled by
constraining all degrees of freedom.

• On the top edge, a positive longitudinal displacement in direc-
tion 𝑥 was imposed, and all the other degrees of freedom were
constrained.

• On the lateral free edges, the out-of-plane degrees of freedom
were constrained.

The length of the specimen in the model was three times its width,
which was long enough to ensure that the boundary conditions did not
alter the behaviour of the critical zone.

The failure criteria (FPF and UF) described in the preceding section
were implemented in a special purpose Fortran subroutine UVARM.
This subroutine post-processes the stress components for the calculation
of the LaR05 criteria failure indices, and was run at each displacement
increment and for each integration point of the FE model. A gradual
and refined displacement increment ensured an accurate capture of the
load level at which the FPF and UF criteria were met. The load level
was determined by the axial reaction force produced in the clamped of
the specimen, from which the OHT strength was calculated using the
gross cross-sectional area (disregarding the hole).
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For efficiency reasons, the analyses carried out in this work were
based on shell models. Thus, it was considered that failure was mainly
driven by the in-plane components of the stress tensor and dominated
by the fibre behaviour with little subcritical damage and delamination.
Reduced integration quadrilateral shell elements (S4R) were used in the
model, with a general edge length of 1/44 of the specimen 𝑊 width.
For the VS laminates, each element of the FE model was associated with
a specific lay-up with homogenised material properties. Both the fibre
orientation and homogenised properties were determined based on the
centroid position of each element and using the equations presented in
Sections 2.2 and 3.2. Therefore, the variation in fibre orientation can
be considered to be discrete in the model. Between two neighbouring
elements, the maximum difference in fibre angle was 3.6◦.

A higher mesh density, with elements of around 0.13 mm edge
length, was used in the hole contour (Fig. 4). This provided sufficient
resolution to distinguish the strength of different laminates when ap-
plying the PSC criterion to the characteristic curve. In FPF analysis, the
mesh size influences the damage prediction at the hole edge, and thus
the calculation of the laminate strength, i.e. the smaller the element
size, the lower the strength value. Green et al. [49] observed that in
notched QI laminates sub-critical damage starts in off-axis layers with
matrix cracking and splitting, accompanied by local delamination areas
that are similar in size to the thickness of the ply. For this reason, at
the edge of the hole a mesh size similar to the layer thickness was used
in this study (Fig. 4).

To determine the in-plane stiffness (𝐸𝑥, 𝐸𝑦 and 𝐺𝑥𝑦) of the different
laminate configurations, three FE models were developed from the
strength model described above. In these models, a specimen length
of 36 mm (equal to its width) was assumed. The specimen model was
meshed using shell elements, with a general edge length of a 1/44 of
the specimen width 𝑊 . In this case, the mesh was not refined around
the hole contour, as it has little influence on the overall stiffness of
the specimen. The boundary conditions applied for the linear stiffness
determination were the same as those applied in the FE strength model
(Fig. 4), but with complementary fibre orientations in the transverse
stiffness case. On the other hand, to determine the shear stiffness 𝐺𝑥𝑦,
a transverse displacement was imposed on the upper edge (𝑦-axis),
keeping the lower edge constrained.

The FE calculations of the parametric model were performed dis-
cretely for each 1◦ at 𝑇0 in the 10◦ − 90◦ range and for each 5◦ at 𝑇1 in
the 10◦ − 40◦ range. As explained in Section 2.2, a minimum angle of
10◦ was set for both 𝑇0 and 𝑇1 to ensure that the fibres steered close to
the reference path.

3.5. Design results

The FPF and UF strengths under open-hole tensile loading for
different VS⟨𝑇0|𝑇1⟩ combinations and for the reference ∅6 mm hole
case are plotted in Fig. 5. Each curve corresponds to a value of 𝑇1, and
the strengths of the reference QI laminate are represented in dashed
lines. The highest FPF and UF strength resulted from the smallest 𝑇1
angle of 10◦, i.e., with a fibre orientation at the specimen free edges
close to the loading direction. Regarding 𝑇0, the maximum strength was
achieved for values between 40◦−50◦. For lower values, i.e., with a fibre
orientation close to the loading direction, failure was initiated at the
edge of the hole, as in the QI laminate. In contrast, for high values of
𝑇0, failure was initiated at the free edge, out of the hole. The maximum
strength occurred at the transition of the fracture from one zone to
the other, providing a significant improvement over the QI laminate.
In addition, many of the VS⟨𝑇0|𝑇1⟩ combinations were more resistant
than the QI laminate (Fig. 5).

The reason for the superior performance of VS laminate compared
to straight-fibre QI laminate, is a favourable load distribution across
the width (𝑦-coordinate) of the specimen, as shown in the fibre failure
index fields in Fig. 6. For the QI laminate (Fig. 6(a)), the location of
the most stressed area is clearly limited to the apex of the hole, due to
7

Fig. 5. FPF and UF strength curves of the VS laminate for the ∅6 mm hole reference
case. At 𝑇0 values below the maximum strength, fracture occurs through-hole, while at
higher values it occurs out-of-hole.

the stress concentration effect. In the VS laminate, the configurations
for which the OHT strength is high present medium values of the fibre
orientation angle at the centreline and low values at the free edges of
the specimen. This is similar to the configuration illustrated in Fig. 1(c).
The local axial stiffness is high in the areas of the laminate where the
fibres are aligned with the loading direction. This results in most of the
load being carried by the high stiffness regions of the laminate near
the free edges of the specimen (Fig. 6(b)) and the central section only
carrying a small fraction of the load, making it very resistant to OHT
loading. In addition, a larger portion of the VS laminate contributes to
the load-bearing capacity of the specimen, as the value of the critical
failure index is more evenly distributed in the specimen (Fig. 6(b)).

The onset of damage or first ply failure, for both QI and VS lam-
inates, was caused by matrix tensile failure in the 90◦ layers at the
hole apex. This took place for the QI laminate at approximately 60% of
the ultimate load. Additionally, the FPF strength of the VS laminate
was higher than the QI laminate for medium 𝑇0 and low 𝑇1 values
(Fig. 5). This may be due to the redistribution of the load, i.e., for
this configuration the central area of the VS laminate is unloaded and
therefore the material in this area is less stressed.

The in-plane stiffness of the VS laminate versus QI laminate for
the optimum edge fibre orientation 𝑇1 of 10◦ is shown in Fig. 7. The
linear stiffness of the VS laminate was lower than the stiffness of the
QI laminate, except for low and high 𝑇0 values, where the fibre is
aligned with the 𝑥 and 𝑦 axes respectively. This decrease in stiffness
is due to the lower amount of fibre in the steered-fibre plies compared
to the straight-fibre plies. In addition, the QI laminate contains 0◦ plies,
which provide the highest axial stiffness. In general, the higher the
central fibre orientation angle 𝑇0, the lower the axial stiffness 𝐸𝑥 and
the higher the transverse stiffness 𝐸𝑦. It can thus be concluded that the
most balanced VS laminate is VS⟨42|10⟩ which shows similar axial and
transverse stiffness, and a higher shear stiffness than the QI laminate.
For this optimal configuration, the ultimate OHT strength was 36.2%
higher than that of the QI laminate, and the linear stiffness was 13.2%
lower.

The OHT behaviour of the VS laminate for different hole sizes is
shown in Fig. 8, for the optimum fibre orientation 𝑇1 of 10◦ at the
free edge. It can be observed that the larger the hole size the more
fibre inclination at centreline 𝑇0 is required. This results in more fibre
bending to overcome the geometrical discontinuity and transfer the
load from the central zone to the outer stiff band, away from the hole.
Moreover, for angles 𝑇0 greater than 55◦, the failure is initiated at the
outer free edges for the different hole sizes, and the strength of the VS
laminate is barely affected by the presence of a central hole (Fig. 8).
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Fig. 6. Fibre tensile failure index field in the load-bearing ply for ∅6 mm hole case at ultimate failure state: (a) 0◦ ply of the QI laminate, and (b) steered-fibre ply of the VS⟨42|10⟩
laminate.
Fig. 7. In-plane stiffness behaviour of the VS laminate for the ∅6 mm hole reference
case and for an optimal edge fibre orientation 𝑇1 of 10◦.

Fig. 8. OHT Strength behaviour of VS laminates for different hole sizes for an optimal
edge fibre orientation 𝑇1 of 10◦. Diameter values are in mm.

The ultimate strength values were determined by the PSC, which
requires knowledge of the characteristic distance 𝑑0, as described in
Section 3.3.2. This model calibration was carried out for each type of
8

laminate by performing OHT tests on reference configurations. In the
QI laminate, the calibration was performed for a ∅6 mm hole, and the
characteristic distance obtained was 0.95 mm. In the VS laminate, the
calibration was performed for a VS⟨40|10⟩ combination and ∅6 mm
hole, and the characteristic distance obtained was 0.7 mm. This dif-
ference between the laminates may be due to the configuration of the
laminate itself and the fact that homogeneous properties are used in the
case of the VS laminate. These characteristic distance values were used
to predict the strength of all other hole sizes and ⟨𝑇0|𝑇1⟩ combinations
in the case of the VS laminate. The experimental procedure for the OHT
tests is described in Section 4.1.

4. Experimental validation

4.1. Test plan and methods

The laminate type and hole size of the OHT tests conducted are set
out in the first three columns of Table 5. Tests were carried out for
three hole sizes (∅3, ∅6 and ∅12 mm), while the QI laminate was also
tested in the un-notched condition. The VS laminates were tested in the
optimal configurations determined by the results of the FE parametric
study presented in Section 3.5. Various combinations of hole sizes 𝑇0
angle increments of 5◦ were tested: VS⟨35|10⟩ for ∅3 mm, VS⟨50|10⟩ for
∅12 mm and for the ∅6 mm hole case two configurations (VS⟨40|10⟩
and VS⟨45|10⟩). The latter were carried out to observe the change of
the fracture zone from the through-hole to out-of-hole.

The specimen dimensions and test methodology were established
following the ASTM D5766 standard recommendations [33]. The length
of the specimens was 250 mm, with a nominal width and thickness of
36 mm and 2 mm, respectively, as described in Section 3.1.

The stacking sequences of the 16 composite layers of the QI and
VS laminates are shown in Table 2. The aim was to minimise the
difference in fibre orientation of adjacent layers to reduce delamination
and matrix cracking. A single Onyx™ layer of both floor and roof was
used to manufacture the specimens, resulting in an 18-layer laminate.
These two outer layers were not taken into account in the nominal
cross-section in both the model and the experimental data processing.
To ensure sufficient compaction of the printed bead, and thus adequate
adhesion between the layers, special care was taken in levelling the
bed and adjusting the height of the nozzles. For this purpose, the
test prints available in the printer were used, as recommended by the
manufacturer. This also minimises fibre waviness during the printing
process. Despite the adjustment, the average thickness of the printed
samples was 2.10 ± 0.05 mm, 4.8% thicker than nominal.
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Table 5
Mechanical properties of the tested QI and VS laminates. The OHT strength and 𝐸𝑥 modulus determined with the homogenised model are
included. The energy absorption per unit volume up to fracture is calculated as the area under the stress–strain curve.
𝐷 (mm) 𝑊 ∕𝐷 Laminate OHT strength (MPa) 𝐸𝑥 modulus (GPa) Ultimate

strain (%)
Energy
absorp. (kJ/m3)

Test Model Test Model Test Test

Un-notched – QI 382.6 ± 9.3 – 26.2 ± 0.4 – 1.45 ± 0.03 2756 ± 122

∅3 12 QI 244.7 ± 7.2 252.5 25.3 ± 0.1 25.7 0.97 ± 0.03 1197 ± 78
∅3 12 VS⟨35|10⟩ 269.1 ± 8.4 309.8 22.8 ± 0.4 23.6 1.20 ± 0.02 1636 ± 78

∅6 6 QI 193.0 ± 1.8 191.3 25.2 ± 1.0 25.2 0.79 ± 0.05 779 ± 69
∅6 6 VS⟨40|10⟩ 249.1 ± 4.7 250.2 21.2 ± 0.6 21.9 1.22 ± 0.02 1557 ± 53
∅6 6 VS⟨45|10⟩ 250.1 ± 4.1 266.5 19.9 ± 0.4 20.6 1.31 ± 0.04 1683 ± 62

∅12 3 QI 144.0 ± 0.2 138.5 22.7 ± 0.2 22.9 0.65 ± 0.01 484 ± 18
∅12 3 VS⟨50|10⟩ 188.8 ± 5.8 200.1 17.8 ± 0.1 18.5 1.10 ± 0.04 1068 ± 79
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The specimens were printed one by one. The concentric filling of the
ontrol-surface created contours on the free edge whose orientation did
ot match the reference path (see Fig. 1(b) in Section 2.2). Therefore,
he specimens were printed with an over-width, that was later removed
o the nominal width 𝑊 with an automatic grinder with 240 grit SiC
aper. The average width of the samples was 35.95 ± 0.06 mm.

The holes were milled with finishing end mill tools at a feed rate
f 100 mm/min and a cutting speed of 56 m/min. The samples were
lamped between two steel templates to prevent delamination or other
amage to the material surrounding the hole. The relative position of
he hole with respect to the reference path in the steered-fibre layers is
epicted in Fig. 1(b). The hole was located in the centre of the control-
urface and no ply staggering was applied between the successive layers
n this study. The hole was not directly printed because it is not possible
o produce the desired trajectories in the hole area with the filling
trategies available in the Mark Two™ printer (described in Section 2).

This approach would include continuous fibre in the hole contour (local
reinforcement), which is outside the scope of this study, more focused
on the global performance of the laminate.

Tabs were used on the un-notched and ∅3 mm QI laminate spec-
imens and all VS laminate specimens, ensuring proper load transfer
and specimen fracture in the calibrated area. Since PA is a hygroscopic
polymer, all the specimens were conditioned prior to testing. Three
repetitions of each laminate configuration were tested.

OHT quasi-static tests were performed on a universal testing ma-
chine (Zwick/Roell) equipped with a 50 kN load cell and at a load-rate
of 2 mm/min. The longitudinal strain of the specimens was measured
with a Zwick/Roell extensometer at a calibrated length of 80 mm, while
the strain state was analysed by a Gom-Aramis digital image correlation
system (DIC). The measuring area of the DIC system was 100 × 85 mm2

ith a resolution of 5 Mpx. The subset pixel size was 19 × 19 with a
5 pixel step size, and the frame rate was 3 fps.

.2. Test results

The stress–strain curves resulting from the OHT test are plotted in
ig. 9, and the corresponding fracture and DIC strain field images of
he QI and VS laminates are shown in Figs. 10 and 11, respectively.
he measured mechanical properties are compiled in Table 5.

The QI laminate presented a highly linear and brittle behaviour for
ll the cases studied (Figs. 9(a) and 10(b)). The fracture plane was
ransverse to the loading direction (Fig. 10(b)), and in the OH cases
racture initiated at the hole apex and propagated towards the free
dges. In the un-notched case, several fracture planes were observed,
hich could be caused by the high energy released when the laminate
roke. The strain field measured by DIC shown in Fig. 10(a) reveals a
onsiderable increase in strain at the apex of the hole before fracture.
his may be due to damage occurring at the notch, which redistributes
he stress concentration and delays the occurrence of breakage. The
9

ain failure mechanism was fibre breakage. However, matrix shear f
racking in the 45◦ layers and delamination between the 45◦ and 0◦

ayers were also observed.
The behaviour of the VS laminates was also linear and brittle,

s shown in Figs. 9 and 11(b). The fracture plane was transverse to
he loading direction, but some configurations fractured outside the
ole, such as VS⟨35|10⟩ for ∅3 mm and VS⟨45|10⟩ for ∅6 mm. The
ransition from through-hole to out-of-hole breakage predicted by the
odel was observed in laminates VS⟨40|10⟩ and VS⟨45|10⟩ for a ∅6 mm
ole. In the DIC images just before the fracture, maximum levels of
xial deformation 𝜖𝑥 were found at the hole apexes and in localised
reas near the free edge (Fig. 11(a)). These latter coincide with the
ailure initiation area of out-of-hole fracture cases (Fig. 11(b)). As
n the QI laminates, the failure mechanism was fibre-dominated, but
riangular-shaped delaminations near the free edge accompanied by
atrix cracking were observed in the VS laminates (Fig. 11(b)).

. Discussion

The effect of hole size on the two types of laminates analysed, from
he results of the test and the model, is shown in Fig. 12.

The behaviour of the QI laminate follows the characteristic trend,
ith a significant reduction in strength due to the notch effect. In

he ∅6 mm hole reference laminate, the strength decreased by 49.6%
ompared to the un-notched laminate. The model predicted the notched
aminate behaviour with good accuracy (Table 5 and Fig. 12): the
aximum deviation of the model from the test results was 0.9% for the

tiffness and 3.8% for the strength (for ∅12 mm hole size). This confirms
hat the PS criterion with a fixed characteristic distance is suitable to
stimate the notched strength of printed cCF/PA fibre-dominated lam-
nates with low sub-critical damage, as also demonstrated in previous
orks for traditional composites [49,52].

In the VS laminate, on the other hand, the homogenised model accu-
ately estimated the stiffness, but overestimated the laminate strength
or the out-of-hole fracture cases (up to 15.1% for the ∅3 mm case, see
able 5). This may be due to the effect of manufacturing constraint-

nduced defects, such as Onyx-filled gaps and fibre discontinuity
Fig. 1(b)), which were not reproduced in the homogenised model.
or further analysis, a FE model including manufacturing defects was
eveloped for the case of VS⟨45|10⟩ with a ∅6 mm hole. As in the
arametric model, shell elements were used but with a regular mesh
ize of 0.25 mm. Based on the centroid position of each element, the
aterial and fibre orientation for the steered-fibre layer was deter-
ined: Onyx™ properties for the elements in the gaps and cCF/PA
roperties ( Table 1) for the elements in the reinforced paths. The fibre
rientation of these latter elements coincides with the fibre orientation
f the reference curve at its nearest point, because the concentric filling
n the printing process creates equidistant fibre paths (Fig. 13(a)).
imilar as-manufactured modelling was carried out by Falcó et al. [8]
or tow-steered laminates.

The results of this as-manufactured model show that fibre tensile

racture is produced in the high stiffness regions near the free edges,
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Fig. 9. Stress–strain curves of the OHT tests: (a) QI laminate behaviour for different hole sizes and (b), (c), and (d) QI and VS laminate behaviour for ∅3, ∅6, ∅12 mm hole sizes,
respectively. Three repetitions of each laminate configuration were performed.
which is further amplified by the stress concentration effect produced
by the gaps (Fig. 13(b)). In the same area, the onset of matrix damage
also occurs first in the central 90◦ straight-fibre layers, and then in the
outer 45◦ straight-fibre layers (Fig. 13(c)). The model predicted that
this damage initiated at 47% of the ultimate load, with a load level
similar to the damage initiation of the QI laminate at the hole apex.
This behaviour was also found in the tests, where it was observed that
the fibre-free area is the zone of highest strain and matches the origin
of the fracture plane (case ∅6 mm VS⟨45|10⟩ in Fig. 11(a)). Moreover,
this geometric discontinuity combined with the edge-effect amplified
interlaminar stresses, even producing small delaminations, as shown
in the fracture images (Fig. 11(b)). Nevertheless, this combination
of straight-fibre and steered-fibre layers can significantly reduce the
negative effect of these manufacturing defects.

The homogenised parametric model was calibrated to take into ac-
count the stress concentration effect caused by manufacturing defects.
For this purpose, a reduced fibre failure index was considered in the
outer bands close to the free edges. An average FI value of 0.9 was
estimated from the test results of the out-of-hole fracture cases. The
results of this calibrated parametric model versus the QI laminate for
different hole sizes are shown in Fig. 12. As discussed in Section 3.5,
the larger the size of the hole, the greater the inclination of the fibre
at the centreline 𝑇0. In this way, the load is transferred from the
central area to the outer bands, away from the hole, resulting in a
favourable load distribution. For a ∅3 mm hole the ideal laminate
configuration is VS⟨31|10⟩ and a 20.5% increase in OH strength over
the QI laminate is predicted. For a ∅6 mm hole the ideal laminate
is VS⟨41|10⟩ with a 32.4% increase in strength, and for a ∅12 mm
hole the optimum laminate is VS⟨52|10⟩ with a 39.4% improvement in
strength. Therefore, it can be stated that the VS laminate makes better
10
use of the load-bearing capacity of the material for large holes (small
𝑊 ∕𝐷 ratios) compared to the QI laminate. For holes below ∅1 mm
no improvement is predicted. This may be because the influence of
manufacturing defects is greater than that of the hole in this case.

As shown in the results of the VS laminate (Fig. 9 and Table 5), the
increase in strength is accompanied by a decrease in stiffness, which is
counter-intuitive behaviour. Typically, in conventional laminates, there
is a loss in both stiffness and strength, but a gain in ultimate strain. In
contrast, in the VS laminates of this study, the maximum strength and
strain are increased at the same time. This makes energy absorption
(area under the stress–strain curves in Fig. 9) increase dramatically,
which can be very positive. For example, the VS⟨40|10⟩ laminate tested
for the ∅6 mm hole reference case showed a loss in stiffness of 15.8%
and an increase in strength of 29.1% compared to the QI laminate.
This resulted in an increase in energy absorption of 99.9% (Table 5).
This behaviour can also be seen in the DIC images (Figs. 10(a) and
11(a)), where the strain is more evenly distributed in the VS specimen,
indicating that a much larger portion of the laminate contributes to the
load carrying capacity of the specimen.

Finally, it is worth noting that the improved performance is
achieved with a lower amount of continuous fibre (approximately 10%
less than QI laminate). This is due to the gaps created in the printing
of the steered-fibre layer, which results in a lower material cost.

6. Concluding remarks

In this study, variable-stiffness 3D printed laminates were designed,
manufactured, and tested to improve open-hole tensile behaviour com-
pared to constant-stiffness QI laminates. FFF 3D printing of steered

fibre composites has great manufacturing potential, and is ideally
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Fig. 10. QI laminate test results for the un-notched case and for various hole sizes: (a) 𝜖𝑥 strain field on the outer layer of 45◦ just before final failure measured by DIC, and (b)
fracture images. Diameter values are in mm.

Fig. 11. VS laminates test results for different hole sizes and configurations: (a) 𝜖𝑥 strain field on the outer layer of 45◦ just before final failure measured by DIC, and (b) fracture
images. Diameter values are in mm. The configurations VS⟨35|10⟩ for ∅3 mm and VS⟨45|10⟩ for ∅6 mm were fractured out-of-hole.
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Fig. 12. Effect of hole size on OHT strength for QI and VS laminates. The ⟨𝑇0|𝑇1⟩
values in bold are the tested configurations, and those above the curve are the optimal
configuration according to the calibrated homogenised model.

suited for the production of components with small geometric features.
However, current commercial printers still have major limitations for
fibre path planning, and the design must be adapted to meet manu-
facturing requirements. Despite these limitations, in the present work
the steered-fibre layer was filled with up to 80% cCF/PA reinforced
material.

With regard to modelling the laminate behaviour, we show that the
PS criterion for ultimate failure prediction developed for traditional
composites is applicable to 3D printed laminates, as shown in the
results of the QI laminate for different hole sizes. The homogenisation
of mechanical properties calculated for steered-fibre plies is valid for
a pre-design of the VS laminate, but an accurate prediction of the
laminate strength requires the development of an as-manufactured
model, as discussed in Section 5. This is due to the effect of defects
(unreinforced gaps and fibre discontinuity) caused by manufacturing
constraints. The reason for the correct prediction of the models is the
behaviour of the laminate, which is fibre-dominated, with little sub-
critical damage and delamination. This behaviour may result from the
design of robust laminates, where the steered-fibre and straight-fibre
layers are combined in a proper stacking sequence, reducing the effect
of manufacturing defects and stiffening the weaker directions.

In summary, VS laminates showed higher strength than QI laminates
for holes larger than ∅1 mm, increasing to more than 30% for holes of
∅6 mm or larger. This is because of a favourable redistribution of the
load which relieves the central area of the hole and loads the edges,
resulting in fracture even outside the hole. This behaviour is achieved
with an orientation of the fibres at the edges 𝑇1 aligned with the loading
direction, and with an orientation of the fibres in the centre 𝑇0 inclined
to overcome the geometrical discontinuity produced by the hole. For
a given width, the larger the hole, the greater the inclination of the
fibre at the centreline 𝑇0. In fact, an almost non-responsive behaviour
to the presence of a central hole was observed for fibre orientations 𝑇0
higher than 55◦. In addition, the increase in strength combined with
the decrease in stiffness causes the energy absorbed up to failure to
increase greatly, even double, which is highly beneficial for notched
applications such as structurally-critical notches and fastening holes.

This work is a contribution to the modelling, design, and manufac-
ture of 3D printed composites, and a further step towards the use of
3D printing to manufacture high-performance functional components
in real applications.
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Appendix. Multi-scale homogenisation

The micro-mechanic expressions of the semi-empirical Chamis
model [36] to determine the five independent elastic properties of the
cCF/PA raw material are:

𝐸raw
11 = 𝑣f𝐸

f
11 + (1 − 𝑣f )𝐸m

𝐸raw
22 = 𝐸m

1 −
√

𝑣f (1 −
𝐸m

𝐸f
22
)

𝜈raw12 = 𝑣f 𝜈
f
12 + (1 − 𝑣f )𝜈m

𝐺raw
12 = 𝐺raw

13 = 𝐺m

1 −
√

𝑣f (1 −
𝐺m

𝐺f
12
)

𝐺raw
23 = 𝐺m

1 −
√

𝑣f (1 −
𝐺m

𝐺f
23
)

(A.1)

here the fibre and matrix properties are denoted by the superscript
and m, respectively. The behaviour of the thermoplastic matrix is

onsidered isotropic in this model. The fibre volume 𝑣f is determined
y Eq. (2), and changes as a function of the transverse 𝑦-position.
he elastic properties of the ply meso-structure are determined from
he Rodriguez void-model equations, and adapted for the transversely
sotropic material [35]:

𝐸11 = (1 − 𝜌1)𝐸raw
11

𝐸22 = (1 −
√

𝜌1)𝐸raw
22

𝜈12 = (1 − 𝜌1)𝜈raw12

𝐺12 = 𝐺13 = 2
(1 − 𝜌1)(1 −

√

𝜌1)

(1 − 𝜌1) + (1 −
√

𝜌1)
𝐺raw
12

√ raw

(A.2)
𝐺23 = (1 − 𝜌1)𝐺23
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Fig. 13. As-manufactured modelling of the VS⟨45|10⟩ and ∅6 mm configuration: (a) Onyx-filled gaps and fibre paths of the two adjacent ±⟨45|10⟩ steered-fibre layers, (b) fibre
tensile failure index field in the steered-fibre ply at ultimate failure state, and (c) matrix failure index field in the outer 45◦ ply at matrix failure onset state corresponding to 54%
of the ultimate load.
The coefficient 𝜌1 represents the void density in the plane perpen-
dicular to direction 1 of the fibre or bead. 𝜌1 was assigned the value of
7.5% based on experimental analysis of printed unidirectional cCF/PA
samples in a previous work [13].

The homogenised tensile and compressive longitudinal strength
properties of the printed cCF/PA meso-structure are shown in Eq. (A.3).
These were determined with the Chamis model [38], which corre-
sponds to the rule of mixtures. In the longitudinal direction, the con-
tribution of the matrix was disregarded as the strength of the fibre
dominates. The transverse and shear strength are matrix-dominated,
and the influence of fibre content can be considered negligible for the
range of fibre volume ratios of the material. Therefore, the transverse
and shear strengths were considered to be those obtained in the experi-
mental characterisation of the printed cCF/PA material [13], which are
listed in Table 1.
𝑋T = (1 − 𝜌1)𝑣f𝑋f

T

𝑋C = (1 − 𝜌1)𝑣f𝑋f
C

(A.3)

The fibre and matrix effective properties required to apply the ho-
mogenisation model were predicted using reverse engineering from the
experimental in-plane ply properties, and using the micro-mechanics
and void-model equations. The predicted effective properties are set
out in Table 3.
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