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ARTICLE INFO ABSTRACT
Keywords: Fibre orientation critically affects properties in material extrusion additive manufacturing. This study developed
3D printing new understanding of 3D short-fibre orientation in representative structures intended to capture most features of
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Fibre distribution

Fibre composites

Extruded filament geometry

typical tool-paths. The parametric representative structures included straight paths, curved paths, corners, a
range of intersection types, and the start/end of paths. Fibre orientation tensors were used to quantify 3D fibre
alignment along the direction of printed filaments (F-alignment), lateral to the in-plane filament direction (F-lat
alignment), and normal to the print-platform (Z-alignment). Overall, fibres were highly aligned along the fila-
ment direction in both straight paths and curved paths but less aligned at corners and intersections. However,
recovery of fibre orientation was found after corners and intersections. To assess fibre orientation uniformity
throughout the layer thickness, specimens were sectioned normal to the print platform in seven planes
throughout the thickness of a single extruded filament. High fibre orientation (F-alignment) was found intra-
filament, but it gradually decreased from upper section to bottom section. Interlayer region showed both high
F-alignment and Z-alignment. In addition, extruded-filament width and height critically affected fibre orienta-
tion: increasing extrusion width and layer height led to decreased F-alignment. Case studies showed the results
are translatable to more complicated structures and a different polymer material. This study provides new un-
derstanding of 3D fibre orientation in additive manufacturing and will allow more informed design, analysis and
optimisation of short-fibre-reinforced structures to improve performance.

properties [11], as higher fibre orientation leads to higher strength and

1. Introduction modulus [12]. However, fibre orientation also affects anisotropy, as fi-
bres strengthen the longitudinal direction but weaken the transverse
Material extrusion additive manufacturing (MEAM) is an established direction [13]. It is important to study fibre orientation to understand
process with increasing industrial demands [1,2]. As materials are and improve properties in MEAM. Fibre orientation could be affected by
innovated and modified, fibre reinforcements were introduced in MEAM ~ Processing conditions (temperature) [14], melt viscosity [15], flow
to improve mechanical properties and functionality [3]. Discontinuous properties [16], nozzle geometries (shear) [17], die swell [18], and
fibres, namely short fibres, are distributed within a polymer matrix to print-structure geometry [14].
enhance strength and stiffness [4,5]. There are numerous studies Short fibre orientation has been studied via experiment characteri-
attempting to improve mechanical properties with short fibre compos- sation and computational simulation [2]. Short fibres were found to be
ites in MEAM [6-9]. Although it is challenging to achieve properties highly oriented in the filament direction (F direction, frequently referred
comparable to traditional composites (injection moulded, compression as the longitudinal direction). Ref. [14] studied fibre orientation dis-
moulded, laminates), additively manufactured composites benefit from  tribution with a 2D planar fibre orientation model and reported highly
high flexibility in structural design [10]. With digital control of printing oriented short fibres in the F direction. Extrusion width was found to be
tools, complicated high-precision structures can be manufactured, critically important and fibre orientation decreased with increasing
which also allows the lay-up and controlled alignment of fibres. Hence, extrusion width. Ref. [19] quantified 3D short fibre orientation with
short fibre orientation is controllable and potentially predictable in orientation tensors [20] and reported high F-direction fibre alignment,
MEAM. Fibre orientation plays an important role in the low in-plane transverse direction fibre alignment, and low Z-direction
process-structure-property correlation and directly affects final fibre alignment. Ref. [21] reported high orientation along the print
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Nomenclature

an Fibre alignment in the filament longitudinal direction
(F-alignment).

doo Fibre alignment in the in-plane filament lateral
direction (F-lat alignment).

ass Fibre alignment in the out-of-plane Z building direction

(Z-alignment).
ABS-CF  Carbon fibre reinforced acrylonitrile-butadiene-styrene.
F direction Along the direction of extruded filaments (printing

direction).
H Layer height of printed filaments.
MEAM  Material extrusion additive manufacturing.
PLA-CF Carbon fibre reinforced polylactic acid.
W Nominal extrusion width of printed filaments (set in

GCode).
Z direction Direction normal to the build platform (normal to
filament interlayer interface).

paths and low orientation at filament intersections via computed to-
mography (CT). Ref. [22] reported greater fibre orientation in the nozzle
(before extrusion) compared to in printed filaments. CT is capable of 3D
modelling fibres, but it is time-consuming, which limits practical
application for most industrial applications. Hence, the two studies that
use CT scans to characterise fibre orientation in MEAM specimens only
considered a single specimen type. Stereological measurement of ellip-
tical fibre cross-sections [20] allows cost-effective characterisation by
microscopy and image processing in a timely manner, which enables a
wide range of parametric specimens to be considered in the present
study. Also, X-ray CT scanning relies on material densities, where two
materials with similar densities may be indistinguishable, as was expe-
rienced by the authors of this study in preliminary research. Aside from
these studies, fibre orientation was primarily characterised qualitatively
in the literature, including microscopy at fracture surface [23-26] and
sectioned printed filaments [27]. Computational simulation was
implemented to study fibre orientation using a planar deposition flow
model [28], Newtonian fluid models [29], coupled flow-fibre finite
element method [30], and a particle element approach [31]. Ref. [28,
29] reported high orientation inside the nozzle and decreased orienta-
tion after exiting the nozzle due to die swell. Non-uniform fibre orien-
tation in the in-plane transverse direction was identified [28]. However,
variation of fibre orientation in the Z direction was never studied. The
study of spatial fibre orientation distribution is of particular interest
because filament interlayer is intrinsically different from the internal
region of an extruded filament and fibre orientation may affect the
interlayer anisotropy [32]. To understand fibre’s role at the filament
interlayer and interlayer properties, a study of fibre orientation distri-
bution throughout the layer thickness is needed.

There is currently a lack of understanding about how fibres are ori-
ented in different geometric paths since previous research mostly
considered straight print paths. Ref. [33] quantified fibre orientation in
straight paths and used homogenised properties to study deformation at
circular corners. The vast majority of 3D printed parts utilise compli-
cated paths with curved and straight regions, corners, intersections, and
other features. A thorough study of fibre orientation in universal
structures and geometries is needed to understand how fibre orientation
is affected by structural design and toolpath design, and to identify
major factors affecting fibre orientation. By studying fibre orientation
in-depth, high-performance printing and products may be achieved
[34].

This is the first study to map out fibre orientation for universal
structures and geometries and develop new understanding of short fibre
orientation in 3D printing. The universal geometries include straight
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paths, curved paths, corners, a range of different types of filament in-
tersections, and printing start and end points. This presents a compre-
hensive picture of fibre orientation relevant to both simple and complex
print paths. Furthermore, the effects of extrusion width and layer height
on fibre orientation were investigated, as well as variation of fibre
orientation throughout the thickness of a layer, including assessment of
the intra-filament and interlayer area regions. Case studies showed how
findings are relevant to complicated 3D print structures and translate to
other materials.

2. Experimental methodology
2.1. Materials

CARBONX™ carbon-fibre-reinforced polylactic acid (PLA-CF) and
carbon-fibre-reinforced acrylonitrile-butadiene-styrene (ABS-CF) with
1.75-mm filament diameter and 15 wt% short carbon fibre [27] were
used (3DXMAX™, 3DXTECH®, USA). A micrograph of the cross-section
of the feedstock PLA-CF filament is presented in Supplementary Data.
PLA-CF was used throughout the main study. ABS-CF was used as an
alternative material in a case study to evaluate result translatability in
Section 3.6.3.

2.2. Additive manufacturing and specimen preparation

A Raise3D® Pro2 3D printer with a hardened steel nozzle (diameter
0.4 mm) was used for additive manufacturing. To allow thorough un-
derstanding of fibre orientation for common print-paths, multi-layer
single-filament specimens with various paths and geometries were
developed. This includes straight paths, curved paths, corners, a range of
intersections, and printing start/end points, as shown in Fig. 1. Full-
Control GCode Designer [35] was used to generate manufacturing
GCode since it allows explicit control of print paths through parametric
design. All specimens had a reference extrusion width (W) of 0.6 mm,
controlled by the E value in GCode that dictates material flow, and layer
height (H) of 0.2 mm, which was controlled by the distance between the
nozzle and the print platform or the material deposited as the previous
layer. All specimens consisted of ten layers.

Straight paths and a range of corner geometries were evaluated with
a single multi-purpose specimen (Fig. 1(a)). Straight path sections were
used to study the effects of extrusion width and height (equivalent to
layer thickness) on fibre orientation. W was varied from 0.4 and 0.8 mm
and H was varied from 0.1 to 0.3 mm, as shown in Table 1. Straight
sections were also used to assess how fibre orientation varied
throughout the thickness of a layer, including the intra-filament and
interlayer-bond regions, by sectioning at seven planes parallel to the
print platform (Z direction) (Fig. 1(e)). Corner-angles of 30°, 60°, 90°,
120°, and 150° were used to study fibre orientation at corners.

To study fibre orientation in curved paths, circular and sinusoidal
constructs were printed (Fig. 1(b)). The circular construct had a diam-
eter of 4 mm. The sinusoidal print-paths were designed with sinusoidal
functions of y = sin(x e 27) and y = 2sin(x e 2x) for different amplitudes.

To study fibre orientation at filament intersections, several junctions
were considered: a cross junction, ‘T’ junction, bouncing junction, and
circular tangential junction (Fig. 1(c)). For cross, T, and bouncing
junctions, a straight line was printed first, before the second filament
was printed perpendicular to the first line. For the bouncing junction,
the second filament approached at + 45° relative to the F-direction of
the first filament and departed at — 45° after contacting it. The fibre
orientation before the junction, at the junction, and after the junction
was studied for both lines in each case, which is described in Section 2.3.
For T, bouncing, and circular-tangential junctions, the print paths of the
two lines perfectly coincided at the point of the junction.

To study fibre orientation at the start point and end point of printed
lines (Fig. 1(d)), a specimen was designed and consisted of a square-
shaped print path for which only one of the sides of the square was
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Fig. 1. Structure design of 3D printed single-filament-wide multi-layer specimens. (a) Straight paths and corners (0/30/60/90/120/150°). (b) Curved circular and
sinusoidal paths. (c) Path intersections including cross junction, ‘T’ junction, ‘bouncing’ junction, and circular tangential junction. (d) Printing start and end points.
(e) Straight-path specimen sectioning through a filament seven times in the Z direction.

Table 1

Printing conditions of specimens. The reference-specimen values (bold font) are
used for all specimens except those that specifically vary parameters about the
reference values (italic-font).

Parameters Set values
Set extrusion width W (mm) 0.4, 0.6, 0.8
Layer height H (mm) 0.1, 0.2, 0.3
Nozzle temperature (°C) 220

Bed temperature (°C) 60

Printing speed (mm.min’l) 1000
Nozzle travel speed (mm.min'l) 6000

Cooling conditions Cooling fan on maximum, cooled in the air

printed. For the other three sides of the square, the nozzle executed non-
extruding travel movements to return to the same start point, one layer
higher. The printed line had a length of 40 mm.

All specimens were mounted in epoxy resin and cured in the air. The
sectioning method was reported in [14], where sections were prepared
by an auto-polisher. It involved grinding with 1200 grit sandpaper
(300 rpm and 20 N) then polishing with 3 ym polycrystalline diamond
suspension (MetaDi™Supreme) (150 rpm and 20 N) and 0.05 pm
alumina suspension (BUEHLER MasterPrep™) (150 rpm and 15 N). To
study spatial fibre orientation across filaments in the Z direction,
straight-path specimens were sectioned with controlled repeated
grinding (20 s) and polishing (1 min) within one single extruded fila-
ment layer from the top interlayer area to the bottom interlayer area.
Seven section-planes were produced with five considered as
intra-filament and two considered to be at the interlayer region: the top
and bottom planes closest to interlayer bonds. Other samples were al-
ways ground and polished around the middle of printed filaments to
ensure comparable filament geometry.

2.3. Microscopy and image post-processing

A Zeiss Primotech optical microscope with a 5x magnification lens
was used for observation of fibres. As samples were ground and polished,

fibre cross-sections were exposed as ellipses. Stereological measurement
[20] of elliptical fibre cross-sections enables the characterisation of
out-of-plane angle in Z axis (Euler angle, 0) and in-plane angle (the angle
of the ellipse oriented relative to the printing direction, ¢) of a fibre, as
shown in Fig. 2(a) and (b). By averaging all fibres on a sectioned plane
statistically, the fibre orientation tensor, which quantifies 3D fibre
orientation, is given in Eq. (1),

ay dpp a3
Aj=|ay axn axp
as  dx a4z

sin’fcos’6 sin’fcosdsing  sinfdcosdcosd
= | sinfcospsing  sin’fcos’dp  sinfcosBsindy (€]
sinfcosfcosd  sinfcosfsind cos?0

ay; is the fibre alignment in the printing direction (F direction). ay, is
the lateral fibre alignment in the width direction of printed filaments
(transverse to the F direction). as; is the out-of-plane fibre alignment in
the Z direction (normal to the interlayer bond). A value approaching 1
for any of these terms indicates that all fibres are perfectly aligned in the
given direction. A value approaching 0 indicates all fibres are oriented
normal to the given direction- However, fibres perpendicular to the
sectioning surface are more likely to be observed than fibres parallel to
the sectioning plane. To correct the biased sampling, a weighting factor
is added to render fibres parallel to the observation plane with more
weight, according to Eq. (2).

1
= 2
W cos6; 2
Thus, the modified fibre orientation tensor is given in Eq. (3),
k
A, _ EkaAij _ kakpfpj (3)

i oWk PO

In this work, a;; was always measured F-direction fibre orientation
(along printing direction), and ay, was always measured the in-plane
transverse direction (F-lateral-direction). The straight path specimens
always had the main printing direction as the F-direction, as shown in
Fig. 2(c). For corners, a;; was measured in different directions before
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Fig. 2. Measurement of fibre orientation. (a) stereological measurement of elliptical fibre cross-sections (b) characterisation of ellipses for fibre orientation tensors.
Fibre orientation measurement for (c) straight paths, (d) before, at and after corners, and (e) before, at and after intersections for the first- and second-

printed filaments.

and after corners depending on the turning angle. For example, for 30°
corner, the F-direction after the corner was 30° relative to the F-direc-
tion before the corner, as shown in Fig. 2(d). A circular area of interest
with the diameter of W was used to measure fibre orientation before, at,
and after corners. For intersection specimens, fibre orientation for the
first and second filaments were measured separately in their own di-
rections. For the cross and ‘T’ junctions, the F-direction was constant
(horizontal and transverse). For the ‘bouncing’ junction, the second
filament had a F-direction 45°relative to the first line before the junction
and — 45° after the junctions, as shown in Fig. 2(e). For statistical sig-
nificance, areas of interest always had more than 200 fibres for fibre
orientation measurement.

3. Results and discussion

This section first considers straight paths to evaluate spatial variation
of fibre orientation throughout an extruded filament and for different
extrusion widths and heights. Then the effects of corners, curved paths,
intersections, and printing start/end points on fibre orientation are
analysed. Finally, three case studies of complicated geometric structures
and alternative materials are used to demonstrate transferability and
applicability of results.

3.1. Fibre orientation in straight paths

3.1.1. Fibre orientation at Intra-filament and interlayer region

Printed filaments had non-uniform cross-sections through their
thickness, as is expected for layer-by-layer deposition. Filament width
continuously varied across layers in the Z direction. It was wider in the
filament centre and narrower at top/bottom interlayer-bond regions.
Seven sectioned planes through the thickness of one printed filament
layer are shown in Fig. 3(a and b). Sectioned planes 2-6 had measured
filament-width (598 + 4 um) similar to set extrusion width 600 um,
because these planes were close to the filament centre. The measured
width decreased by 10.4% to 545 + 9 um for planes 1 and 7, indicating
filament interlayer regions near to the upper and lower interlayer bonds.

Fibre orientation at all section planes showed a consistent trend that
F-alignment a;; (0.751 + 0.120) was always the highest compared to F-
lateral alignment az; (0.091 + 0.083) and Z-alignment ass (0.164

+ 0.042), as shown in Fig. 3(c). Fibres were always highly aligned in the

F direction in the extruded filaments, at both intra-filament and inter-
layer regions, even though the width change at different positions.
However, there were variations in fibre orientation between the
sectioned planes. From plane 2 to plane 6, F-alignment a;; continuously
decreased by 28.6%, while F-lateral alignment ay; and Z-alignment ass
increased by 341% and 59.6% respectively. This shows that fibres were
more randomly oriented in the bottom intra-filament section, which was
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Fig. 3. Fibre orientation at intra-filament and interlayer regions at the sectioned planes in one printed filament in the Z direction. (a) Micrographs of the seven
sectioned planes. (b) Measured filament width of the sectioned planes. (c) Fibre orientation across the filament. Intra-filament regions (Section 2 to 6) and interlayer

regions (Section 1 and 7) are shaded yellow and green, respectively, in (b) and (c).

likely caused by shear at nozzle exit, where the top-section melt is
subject to greater shear at the nozzle exit due to a sharp turn than the
bottom section. Due to cyclic layer-wise manufacturing, it is logical for
Z-direction trends to be reversed across the interlayer region since
orientation trends will repeat layer-by-layer. Hence, fibre orientation
rapidly changes across the interlayer region. Overall, the interlayer re-
gion (planes 1 and 7) was found to have high Z-alignment as3 (0.202),
which was 42% greater than the average ass plane-2 to plane-6. This
suggests more fibres were oriented out-of-plane in the Z direction at
filament interlayer, potentially due to more turbulent melt-flow and
diffusion at the interface between layers during coalescence.

Overall, fibres were highly aligned in the F direction throughout the
intra-filament and interlayer areas in the extruded filament. Spatially
non-uniform fibre orientation was found, where fibres were more
aligned in the upper section than the bottom section intra-filament.

Compared to intra-filament, the interlayer region had higher Z-
alignment.

3.1.2. Filament geometry effects on fibre orientation

Width (W) and height (H) of the extruded filament were varied to
study the effects of filament geometry on 3D fibre orientation. As W
increased from 0.4 mm to 0.8 mm, F-direction fibre alignment a;;
decreased by 32.7% from 0.831 to 0.558, as shown in Fig. 4(b). Mean-
while, asz and as3 increased by 530% and 75.1%, respectively. At lower
W, fibres were constrained spatially to be more oriented in the F di-
rection. However, greater W means less spatial constraint and longer
cooling, which may induce more lateral flow and out-of-plane flow of
fibres. The result agrees the extrusion width effects on planar fibre
orientation [14]. As H increased, a;; decreased by 16.5% from 0.833 to
0.696, while ay; and ass increased by 249% and 45.5% respectively
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Fig. 4. The effects of filament geometry on fibre orientation. (a) Micrographs of printed filaments with different W (0.4/0.6,/0.8 mm) and H (0.1/0.2/0.3 mm). Fibre
orientation for a range of (b) extrusion widths and (c) layer heights. Longitudinal fibre orientation decreased with increasing W and H. Error bars stand for standard
deviation of fibre orientation throughout the specimen thickness at seven sectioned planes.

(Fig. 4(c)). This shows that fibres were more aligned longitudinally for
lower layer heights, likely due to the similar geometric constraints as
discussed for lower widths. Lower heights may also induce greater shear
that imposes high fibre orientation [36], whereas higher H offered fibres
more freedom to flow vertically with and longer cooling, so more fibres
were oriented out-of-plane. In addition, error bars in Fig. 4 represents
fibre orientation variation throughout a layer thickness sectioned at
seven planes. Compared to aj; variation caused by W (~49%) and H
(~20%), spatial variation only caused < 17% a;; variation, suggesting
the filament geometry is more influential than the spatial distribution.

Both W and H showed the same trends, where lower W and H caused
higher F-direction fibre orientation. The Z-direction and lateral fibre
orientations both increased with increasing W and H. This reveals the
consistent and critical influence of filament geometry on fibre orienta-
tion for structure-property relationships in MEAM. Since fibre orienta-
tion is important for many properties including mechanical, thermal,
and electrical properties, the geometry-dependent fibre orientation
should be considered. Although it is not possible to study all properties
of interest in a single study, tensile testing specimens are tested here to
evaluate the link between fibre orientation and elastic modulus. PLA-CF
was 3D printed into single-filament-wide specimens with varied W (0.4/
0.6/0.8 mm) and H (0.2/0.25/0.3 mm). Details of procedures for addi-
tive manufacturing, specimen preparation, and tensile testing are

included in [37]. Fig. 5 shows that elastic modulus increased with

5500 W, H{
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Q. 5000 T
2 o
(2] e
3 Pl
3 4500
g —
£ o Q-------0"""
0 -7
T 4000
o
3500

T T T T T T T
0.55 0.60 0.65 0.70 075 0.80 0.85
F-alignment a,,

Fig. 5. Elastic modulus increased with fibre F-alignment with decreasing
extrusion width (W) and height (H). Error bars represent standard deviation of
five replicas.
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decreasing W and H due to lower fibre orientation, which agrees the
literature [14]. There is a statistically significant link between fibre
orientation and elastic modulus for specimens with varying width
(p<0.05) but the trend for varying height is not significant even though
there is a slight trend. There are apparently other factors affecting the
stiffness with varying height, potentially linked to lower layer heights
increasing shear stress in the melt flow and increasing the number of
layer interfaces, which may introduce defects or porosity [16]. Impor-
tantly, the results for fibre orientation found that it was more influenced
by variation of width than height, and this was also the case for the
influence on elastic modulus. Therefore, it is recommended that extru-
sion width is a more suitable parameter for varying fibre orientation
than layer height. Mechanical testing of more complex geometries in
subsequent results sections (intersections, corners, and curves) is not in
scope for this study because such tests would require new testing
methods. Their characterisation is an interesting area of future research,
along with the evaluation of other mechanical properties including fa-
tigue and flexural and non-mechanical properties including thermal and
electrical. With regards to fibres’ inherent anisotropy, a balance of
structural and composite anisotropy should be considered. For example,
low W and H may have lower interlayer strength due to more frequent
inter-filament and interlayer geometry defects. Hence, optimisation of
filament geometry is needed to get desirable properties and anisotropy.

(b)
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Another concern is the balance of cost and quality of 3D printed fibre
composites in a practical setting. Despite high fibre orientation, using
lower W and H may increase the printing time and energy cost. The
strong dependency of fibre orientation on filament geometry highlights
that W and H should be carefully designed in future research of 3D
printed short-fibre-composites. For big area additive manufacturing
incorporated with post-extrusion processing (tamper, roller, etc.), sur-
face treatment may change printed filament geometry and therefore
fibre orientation. Future research could further analyse fibre orientation
with various forms of hybrid manufacturing.

3.2. Fibre orientation at corners

Fibre orientation at corners with angles of 30°, 60°, 90°, 120°, and
150° was studied. All specimens showed great F-direction alignment a1
(0.746) before corners, as shown in Fig. 6(b). All specimens showed
reduced F-alignment of fibres at corners. For 30° and 150°, aj;
decreased by 14.5% and 24.1% respectively at corners, whereas greater
reductions in a;; were found for 60°, 90°, and 120° (44.3% + 3%). A
turning angle more deviated from the original F-direction would result
in lower orientation at corners, as a;; measured the F-direction before
corners. Thus, the decrease in a;; was smaller for 30° and 150° than 60°,
90°, and 120°. All specimens showed increased a;; after corners, except

Printing
direction

074
(C) ® - a,, (F alignment)
06 ® a,, (F-lat alignment) -
a
& A ay, (Z alignment)
]
§ 05+
=
§ 044 u 4
3 ‘ e
e o
S 034
$ t A
= A A
.23 02+ 2
@ °
O 014
00 v v - v v
30 60 0 120 150
Turning angle (degree)

Fig. 6. Fibre orientation for corner angles of 30/60/90/120/150°. (a) Micrographs of specimens (b) Longitudinal fibre orientation measured before corners, at
corners, and after corners. (c) Fibre orientation components at corners for all angles. Error bars give the maximum and minimum values for three specimens.
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150°. The a;; increased to 0.753 for 30°, followed by 60° (0.704), 90°
(0.667), and 120° (0.646), suggesting high fibre orientation in the new
F-directions after corners. Their a;; after corners for all angles was
similar to before corners (only lower by 1.7%—13.4%). The measure-
ment areas after corners were close to the corner point (<1000 um),
which shows the rapid recovery of fibre orientation after turns. The 150°
specimen showed decreased a;; after turns (lower by 18.5% than before
turn), which might be related to delayed turbulence and require further
investigation. Overall, fibre orientation decreased at turning corners,
and it recovered rapidly after turns.

There are consistent trends of 3D fibre orientation at corners, as can
be seen in in Fig. 6(c). a;1 and as; showed opposite trends with angles.
As the turn angle increased from 30° to 90°, a;; decreased by 32% from
0.586 to 0.399, while ay, increased by 143% from 0.155 to 0.376. As the
angle increased from 90° to 150°, a;; increased by 58% to 0.630, while
apy decreased by 50% to 0.189. The ay, peaked at the 90° corner, where
a;; was the lowest, suggesting that fibres were more likely to be oriented
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in the lateral direction relative to the original F-direction. This is logical
because the 90° turn was transverse to the F-direction and encouraged
fibre lateral-alignment.

As for out-of-plane Z-alignment of fibres, ass continuously decreased
from 0.259 at 30° to 0.181 at 150°. For corners lower than 90°, the
nozzle printed back over material that was already deposited. The
overlap area could cause over-extrusion, inter-filament diffusion, and
disruption to material flow directions, leading to more out-of-plane fibre
orientation. It is hypothesised that when the nozzle moved over the
newly deposited material in the nearly opposite direction, the deposited
material would have been disturbed, naturally leading to a reduction in
shear-induced fibre alignment. Also, the 30° corner showed over-
extrusion on both inner and outer radii, which may have led to
greater Z orientation of fibres as discussed in relation to in Fig. 4(b) for
wider extruded filaments. The over-extrusion for sharp corners agrees
the literature [38].

Overall, low fibre orientation at corners was found, where it was the
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Fig. 7. 3D Fibre orientation in curved paths (a) circular path sampled at eight points around the circle and the measured orientation tensor. (b) sinusoidal path
segments with different sinusoidal amplitudes. Fibres were coloured according to their in-plane orientation relative to the sinusoidal axis, which clearly shows that

fibres were highly oriented in the instantaneous printing direction.
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lowest at 90° and increased towards 0° and 180°. There was a strong
correlation of fibre Z-alignment decreasing as the corner angle
decreased. These findings will help understand fibre-orientation in with
complicated print-paths and infill patterns, which often include frequent
corners with various corner angles. Sharp angles may induce more fibre
Z-alignment and impair in-plane properties. Corners should be carefully
designed not only for aesthetics or cost efficiency but also practical
consideration of holistic properties to avoid mechanical weakness.

3.3. Fibre orientation for curved paths

In curved printing paths, characterisation of fibre orientation was
challenging because the F-direction, and therefore a;;, was constantly
changing. Therefore, the path was sampled at eight points around the
circle (0°, +45°, +90°, + 135°, 180°), as shown in Fig. 7(a). Each
segments used a relatively narrow arc angle (36° + 3°) and low curva-
ture (0.003 + 0.0007) to ensure the F-direction was relatively unidi-
rectional throughout the entire sample. Overall, fibres were highly
oriented along the filaments for all eight samples, with high a1, low az;
and low ass, similar to the reference specimen for straight lines in Fig. 4
(b) and agrees with literature [33], suggesting the straight-line results
could translate to curved paths. In the sinusoidal paths, fibres were
colour-coded on a spectrum based on their in-plane orientation angles
relative to the sinusoidal axis, as shown in Fig. 7(b). It can be seen from
the colour map that fibres were clearly oriented along the filaments.

(b)

(F algnment)

T junction  1-filament
—
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Fibres were mostly oriented around 0° in the peak amplitude sections
and at approximately 30-60° and 120-150° for the straight sections,
depending on the amplitude of the sinewave, which logically directly
affected the in-plane angles of straight sections. The clear
colour-gradient around peak-amplitude sections indicates that fibre
orientation smoothly transitioned around the curved sections of paths.

3.4. Fibre orientation at intersections

Studying fibre orientation at intersections allows better under-
standing of how two extrudates interact. For the cross junction, the first
filament and second filament had distinct trends of fibre orientation
before, at, and after the junction, as shown in Fig. 8(a). From before the
junction to after the junction, the first filament had decreased a;; (by
23.7%) and increased ag; (by 16.4%) and ass (by 73.1%). For the second
filament, a;; first decreased by 61.4% and then increased by 80.3%,
whilst ag, increased by 129% to at the junction and then decreased by
35.5%. Meanwhile, as3 increased by 17.0% from before to after the
junction. The first filament had higher fibre orientation than the second
filament because the first filament was printed in a steady state, whereas
fibres in the second filament were subject to interference in the trans-
verse direction. The fibre orientation decreased at the junction for both
filaments, which suggests intersecting filaments printed in different di-
rections affected and interfered each other. Noticeably, filament ge-
ometry was affected by the intersection. The second filament showed a
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Fig. 8. Fibre orientation at filament intersections. Micrographs and fibre orientation tensor components of intersecting filaments for (a) cross junction, (b) ‘T’
junction, and (c) ‘bouncing’ junction. (d) Micrograph and colour map for fibre orientation of circular tangential intersection. Fibres were coloured according to their
in-plane orientation relative to the medial axis of the intersecting region, which clearly shows that fibres were highly oriented in the instantaneous printing direction.
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slightly decreased width when approaching the junction and exiting the
junction (~50% of the W). After that, the width gradually increased to
the designated W as it was printed away from the junction. This phe-
nomenon was reproducible with different W and H, probably due to
filament interactions with the nozzle. As the nozzle moved across a
deposited filament and still attempted to extrude material, the nozzle
exit was obstructed and flow could not be immediately re-established
after passing the obstruction, resulting in under-extrusion immediately
after the intersection. Finally, fibre alignment was rapidly recovered for
the second filament, probably due to greater shear and under-extrusion
after the turbulence, but the first filament had no opportunity to recover,
as it was already printed and affected by the second filament with
thermal diffusion.

For the ‘T’ junction, fibre orientation decreased at the junction, as
shown in Fig. 8(b). The a;; decreased by 23.3% at the junction, while az;
and ass increased by 111% and 53.3% respectively. The second filament
showed decreased a;; (by 67.0%), increased ay; (by 182%), and
increased ass (by 52.9%). This showed low fibre orientation at the
junction due to the mutual interference. Interestingly, a;; of the first
filament recovered by 31.5% after the junction, suggesting limited ef-
fects of the second filament.

For the bouncing junction, fibres were also lowly oriented at the
junction, as shown in Fig. 8(c). a;; decreased by 8.6% and 26.9% at the
junction for the first and second filaments respectively, while it
increased by 23.5% and 27.0% respectively after the junction. The
second filament made a turn at + 45° deviated from the intersection
point, resulting in low fibre orientation. The ay; increased by 48.2% and
136% for both filaments respectively, indicating more inter-diffusion.
Interestingly ass of the second filament increased by 31.2%. This sug-
gests the increased out-of-plane fibre orientation of the second filament
at junction, which may be caused by the over-extrusion at the junction
corner.

The circular tangential intersection showed high fibre orientation, as
shown in the colour map in Fig. 8(d). In the contact area, most fibres
were aligned in 0 ° in the F direction. This indicates that filament
interference could be diminished by adjusting how two filaments
intersect and their printing directions. Overall, low fibre orientation was
found at junctions. Filament intersections had adverse effects on fibre
orientation depending on the second filament printing direction. Addi-
tionally, disruptive under-extrusion and orientation recovery of the
second filament after the junctions were found. The study of in-
tersections is important for design and mechanics of infill patterns of 3D
printed parts. Lattice-like infill patterns, consisting of separate struts, are
the most common printing strategy in 3D printing for low density, low
cost, and material saving compared to solid parts. In practice, infill
lattices with various geometries are used, like grid, triangle, hexagon,
concentric, and gyroid. For most infill lattices, the printed filaments

Under-extrusion and
high fibre orientation
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intersect, where the filament geometry and fibre orientation could be
affected. The findings here allow fibre orientation at intersections to be
quantified and will hopefully guide the infill pattern design based on
desired fibre orientation.

3.5. Fibre orientation at printing start and end points

Fibre orientation varied at the start point and end point of the
printing, as shown in Fig. 9. The start point of a straight line is the
beginning of the extrusion. Polymer flow lagged behind nozzle move-
ment, since extrusion pressure would have gradually built up in the
nozzle after printing started until reaching a steady state of volumetric
extrusion. Due to the narrower semi-drawn nature of the initial part of
the extruded filament, fibres were highly oriented along the F direction,
as expected based on the results in Fig. 4 for the narrower extrusion
width. On the contrary, the end point of the printing showed low fibre
orientation. Over-extrusion at the end of the line induced more lateral
flow and out-of-plane flow, which is the natural direction of the material
flowing out the nozzle as the nozzle stopped. Similarly, few fibres at the
very tip at the start of extrusion (very left in the top part of the figure)
were also less oriented than fibres in the rest of the filament.

Future research could consider the effects of pre-extrusion (un-
retraction) at the beginning of the path and retraction at the end of the
path. Retraction and un-retraction would significantly affect the extru-
date geometry, but the results found here should still apply: fibres at the
very tips (start and end) of the extruded filament will have greater Z
orientation than the rest of the filament, and any narrower sections will
have higher F-alignment of fibres than wider sections.

Die swell occurs for melt flow at nozzle exit [17]. It is hypothesised
that fibre orientation decreases with increasing die swell ratios since it
causes wider extrusion. Negative effects of die swell on fibre orientation
was found via computational simulation [28] Since die swell ratios of
non-Newtonian flow could be up to around 1.8 [18], future work could
link die swell ratios to fibre orientation.

Melt flow rate and printing speed (nozzle velocity) are important
factors related to rheology which could affect fibre orientation. Both
increased printing speed and decreased flow rate lead to decreased W
and H, where fibre orientation could change significantly [16]. Since the
current research focuses on structural and geometric effects on fibre
orientation, future study could explore how flow characteristics affects
fibre orientation.

3.6. Case studies

This section extends the previous findings to more complicated
structures and an alternative material. Two case studies consider real-
istic situations of 3D-printed objects including rectangular building

Over-extrusion and
low fibre orientation

Fig. 9. Fibre orientation at start point and end point of the printing.
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blocks and complicated shell-infill structure. Fibre orientation at corners
and intersections for ABS-CF is compared to PLA-CF to test trans-
latability of results.

3.6.1. Fibre orientation in 3D printed building blocks

Rectangular building blocks are common structure for solid regions
in MEAM. A rectangular specimen with a length of 90 mm, width of
15 mm, and height of 3 mm was designed. It consisted of 15 layers, and
all printed filaments were oriented unidirectionally in the F direction
with W 0.6 mm and H 0.2 mm. The top-down views showed that fibres
were highly oriented in the F direction, with F-alignment of 0.747, as
shown in Fig. 10, which is similar to that found for single straight lines
(0.748). For the cross-sections, the vast majority of fibres were oriented
in the F-direction. However, there are a number of fibres oriented in the
F-lateral-direction (ag; of 0.338), which is greater than single-filaments
studied in Section 3.1, where fibres did not show much sideways lateral
orientation with the same W and H. This might be caused by thermal
diffusion when filaments are printed side-by-side. The extruded material
likely flowed laterally from the nozzle than in single filaments since the
neighbouring filament (printed on the previous pass of the nozzle) may
have slightly blocked the newly deposited material, forcing it to move
sideways from the nozzle. Compared to single-filament structures,
multi-filament structures had slightly lower fibre orientation, but the
overall trends were similar to those found for single extruded filaments.

3.6.2. Fibre orientation in a complicated shell-infill structure

A complicated print structure with a circular shell and infill structure
was designed and 3D printed under the same printing conditions using
PLA-CF. This 10-layer single-filament structure consisted of an outer
circular shell of five concentric rings and internal lattice infill with
multiple extrusion widths. The infill included three horizontal lines with
W-0.4/0.6/0.8 mm in the figure (bottom-section), three vertical lines W-
0.4/0.6/0.8 mm in the right-section, and four sinusoidal curves with W-
0.6 mm and amplitude increasing by 2-fold, 4-fold and 6-fold, from left
to right in the figure (left-section). The structure consists a broad range
of conditions typical of a complicated print path generated in slicer
software with different line widths, a range of intersections, solid pe-
rimeters and lattice-like internal structures, and a mixture of straight
and curved lines as well as corners.

Micrographs of the specimen, including some with colour-coding
based on in-plane fibre orientation, are shown in Fig. 11. Overall, fi-
bres were highly aligned in the instantaneous F-direction of filaments:
mostly red colour in the horizontal direction and mostly cyan colour in
the vertical direction for straight lines. For the sinusoidal paths,
consistent colour changes for every half period can be seen, which is
consistent with the findings in Section 3.3. The fibre orientation in struts
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with different W showed the same trend for F-alignment (W-0.4 > W-0.6
> W 0.8 mm) as found in the results Section 3.1.2. Fibre orientation
decreased at both line-line intersections and line-curve intersections.
The defected geometry (disrupted or wider/narrower extrusion before/
after the intersection) found in the results section were also found.
Overall, the findings in the main results section of this study clearly
translated to this complicated print path. A framework of evaluating
fibre orientation was built based on filament geometry and filament
spatial relationships. By considering the print path as a collection of the
universal structures identified and evaluated throughout this study,
fibre orientation becomes scrutable and predictable. This case study
demonstrates how the results of this study are of immediate value and
potential benefit in terms of analysis of print path, setup of finite-
element-analysis models, or print path generation and optimisation.

3.6.3. Finding translatability and validity

To test translatability to other materials, specimens for angular turns
and intersections (cross and ‘T” junction) were reproduced using ABS-CF
with the same printer, same print paths, and reference W and H. For
ABS, nozzle temperature was set to 240 °C, bed temperature was set to
90 °C and no cooling fan was used. ABS has considerably different
chemical structures and properties to PLA (e.g. amorphous vs semi-
crystalline, melting temperature range vs melting point, branched
polymer chains vs linear chains, different melt viscosity), which make it
appropriate to test translatability of the major findings. For the corners,
similar trends of F-alignment, F-lat alignment, and Z-alignment with
varied turning angles were found, as shown in Fig. 12 (a). This includes
(1) ay; decreased from 30° to 90° and then increased to 150°; (2) ass
showed the opposite trend to a;; and peaked at 90°; and (3) ass
decreased from 30° to 150°. Additionally, a;; before, at, and after turns
also showed the similar trend as PLA-CF, the data for which is included
in Fig. S2. (a) in Supplementary Data. The average relative error of each
data point with respect to PLA-CF was 16% for fibre orientation at
corners, as shown in Fig. 12 (a), confirming high similarity between
ABS-CF and PLA-CF. For the ‘T’ junction, ABS-CF always showed the
same trend as PLA-CF before, at, and after junction for both first and
second filament, as shown in Fig. 12 (b). The trends include (1) F-
alignment recovery after junction for the first filament and (2) reduced
F-alignment, increased F-lat alignment and increased Z-alignment at the
junction for the second filament. That the same trends were found for
PLA and ABS, even though they have considerably different viscoelastic
and rheological properties [16], indicates that the results may translate
to other polymers. However, specific alternative polymers should be
investigated to confirm translatability, potentially by repeating the
specimen-types most relevant to a particular study or application (e.g.
widest/narrowest extrusion widths).

o

Cross-sections

Fig. 10. Fibre orientation in building blocks of a rectangular specimen with micrographs of top-down view (x-y plane) and cross-sections (y-z plane).
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Fig. 11. Fibre orientation in a complicated print structure circular periphery and infill of straight lines and sinusoidal curves. Five micrographs on the top show fibre
orientation. Fibres were coloured according to their in-plane orientation relative to horizontal in the figure (0 ° = direction to right). Three micrographs on the

bottom show the printed structure and filament morphology without colour maps.

4. Conclusions

Fibre orientation in common fundamental 3D print structures and
geometries was studied. Structures including straight paths, corners, a
circular path, sinusoidal paths, and a range of intersections were para-
metrically designed and evaluated. Fibres were highly oriented in the
instantaneous printing direction of each extruded filament, even in
curved paths. By sectioning seven planes throughout thickness of a
printed filament in the Z direction normal to the print-platform, varia-
tion in fibre orientation throughout the layer-thickness was found. For
regions immediately below or above an interlayer bond, fibres were
more oriented in the Z-oriented than for regions in the middle of the
layer thickness. Increasing extrusion width and layer height led to a
reduction in fibre alignment. Filament intersections and corners had
lower fibre orientation than straight sections and inconsistent filament
geometry, including narrow extrusion immediately after an intersection
point between two extruded filaments on the same layer. Case studies of
common building blocks and complex shell-infill structures demon-
strated consistent fibre orientation in complicated structures with basic
structures. Finally, ABS-CF showed similar trends of fibre orientation to
PLA-CF, showing translatability of the main findings to different mate-
rials. The findings may be applied to control and predict short fibre

12

orientation for complicated structures. This study can significantly
support future development of SCFRPs in terms of structural design,
toolpath generation and simulation or evaluation of mechanics in fibre
reinforced additive manufacturing.
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