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Increasing perpendicular alignment in extruded filament by an orifice embedded
3D printing nozzle
Do-In Jeonga, Ankur Jain b and Dong-Wook Oh a

aDepartment of Mechanical Engineering, Chosun University, Gwangju, Korea; bMechanical and Aerospace Engineering Department, University
of Texas at Arlington, Arlington, TX, USA

ABSTRACT
The mixing of fibrous additives in the polymer base is being widely investigated for improving the
mechanical properties of printed parts using fused filament fabrication (FFF). In this study, flow
visualisation experiments and computational fluid dynamics (CFD) analysis were conducted on
the flow channel of a nozzle with an orifice for enhancing the through-layer physical properties
of the printed parts. Flow visualisation experiments were conducted on the flow channels of
nozzles installed with orifices of various shapes. Using ball-milled carbon fibre in high-viscosity
polydimethylsiloxane (PDMS) that imitates filament flow in FFF, the fibre angles were measured
for different internal and external locations of the nozzle. The distribution of the fibre angles
inside the nozzle was compared with the gradient of the flow field calculated for the same
shape by CFD analysis. It was found that the orifice structure inside the nozzle increases the
vertical alignment of the fibre. An abrupt increase in the extension rate at the exit of the orifice
is considered to be the reason behind the rotation and vertical orientation of fibres inside the
nozzle channel. Results presented in this work provide the basis for achieving improved
through-plane physical properties of FFF printed parts through fibre alignment.
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1. Introduction

Polymer additive manufacturing techniques such as
fused filament fabrication (FFF) (El Moumen, Tarfaoui,
and Lafdi 2019; Yuan et al. 2019; Goh and Yeong 2018)
rely on deposition of thin polymer filaments that are
heated to above the glass transition temperature.
However, incomplete adhesion between adjacent
filaments often results in parts with poor mechanical
properties. The addition of a small fraction of an additive
to the base polymer has been widely investigated for
improving the properties of printed parts, such as cor-
rosion resistance (Kausar 2019), electrical properties
(Castles et al. 2016), mechanical properties (Caminero
et al. 2018; Ning et al. 2015; Young, Wetmore, and
Czabaj 2018; Waheed et al. 2019; Hwang et al. 2014)
and thermal conductivity (Waheed et al. 2019; Hwang
et al. 2014; Nikzad, Masood, and Sbarski 2011). Com-
monly used additives include ceramics (Castles et al.
2016), carbon (Caminero et al. 2018; Ning et al. 2015)
and metal (Hwang et al. 2014; Nikzad, Masood, and
Sbarski 2011) in a variety of forms such as nanoparticles,
microparticles and fibres, and over a broad size range
from a few nm to tens of µm (Kausar 2019; Castles
et al. 2016; Caminero et al. 2018; Ning et al. 2015;
Young, Wetmore, and Czabaj 2018; Waheed et al. 2019;

Hwang et al. 2014; Nikzad, Masood, and Sbarski 2011;
Mohan et al. 2017). Research has been reported on
understanding the fundamental mechanisms underlying
the measured property improvements (Hwang et al.
2014). Increments of 30% in tensile strength and 430%
in thermal conductivity of acrylonitrile butadiene
styrene (ABS) mixed with 7.5% wt. of carbon fibre and
40% wt. of copper nanoparticle, respectively, were
reported (Young, Wetmore, and Czabaj 2018; Nikzad,
Masood, and Sbarski 2011). In general, such properties
are found to improve proportionally with the fraction
of the additive material. For example, adding micro-
sized diamond particles to polylactic acid (PLA) base in
weight fractions of 10%, 30% and 50% was found to
increase the thermal conductivity of composites by
24%, 207% and 424%, respectively, compared to pristine
PLA (Su et al. 2018). However, adding very high concen-
tration of additives is not desirable, due to adverse
effects such as an exponential increase in the viscosity
of the melted mixture, an increase in the pressure
needed to dispense the filament and a reduction in
the plasticity of the finished products (Nikzad, Masood,
and Sbarski 2011).

In light of these trade-offs, it is important to carefully
design the composite material in order to achieve the
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best possible improvement in physical properties within
a realistic concentration that does not disrupt the 3D
printing process (Nikzad, Masood, and Sbarski 2011; Ber-
retta et al. 2017). Specifically, in the context of one- or
two-dimensional additives such as carbon fibres or gra-
phene materials, understanding and controlling the
alignment of the fibres is critical (Chen, Wu, and Jiang
2019; Su, Wu, and Jiang 2012; Goh, Agarwala, and
Yeong 2019). It is generally known that physical proper-
ties such as mechanical strength and thermal conduc-
tivity of a polymer composite are significantly
improved in the fibre alignment direction, with much
lower improvement in the direction normal to the align-
ment direction (Gong, Zhu, and Meguid 2015; Holmes
and Riddick 2014; Kokkinis, Schaffner, and Studart
2015; Yan et al. 2014; Yuan et al. 2015; Mulholland
et al. 2018; Consul et al. 2021; Yeong and Goh 2020). Fur-
thermore, owing to factors such as air gap and voids
between adjacent layers, physical properties in the
through-layer direction may even be worse than those
of the raw material (Prajapati et al. 2018). Consequently,
there is a need for developing techniques that may be
used for improving through-layer fibre orientation and,
therefore, physical properties of printed parts.

Motivated by the reasons discussed above, numerous
studies have been reported for analysing the process
behind fibre alignment during FFF and thus improving
the physical properties of printed parts. Anwer and
Naguib (2018) compared the physical properties and
the surface characteristics of FFF products with
different alignment angles of multiwalled carbon nano-
tubes in the filament polymer. Lewicki (2018) proposed
making the fibre alignment more parallel to the raster
direction by inserting microchannel-structured flow
channels inside the extruding nozzle. Tekinalp et al.
(2014) compared the anisotropy of samples manufac-
tured by compression moulding (CM) and FFF. Their
research results showed that the additives are aligned
more in the printing direction in FFF parts than in CM
parts. Studies to magnetically activate the fibre align-
ment process have also been reported. Shulga et al.
(2020) utilised X-ray micro-computed tomography
(micro-CT) to characterise the printed parts in three
dimensions and correlate with mechanical strength.
Nagarajan et al. (2018) demonstrated that fibre align-
ment in printed parts can be controlled by magnetic
field generated by a neodymium magnet by mixing
PR-48 resin with strontium ferrite. In principle, particle
imaging velocimetry (PIV) can also be used for the visu-
alisation of fibre alignment within an FFF polymer
matrix; however, there appears to be lack of work in
this direction. In recent studies, fibre alignment inside
the extruded filaments was found to change due to

squeeze flow between the nozzle and the bed or
already deposited layer (Heller, Smith, and Jack 2019;
Wang and Smith 2021). The gap distance between the
nozzle and the bed and the shape of free surface of
the bead at the nozzle exit were found to affect the
alignment of fibres inside the deposition and the result-
ing bulk mechanical properties through a numerical
analysis and experiments (Consul et al. 2021).

In the aforementioned studies cross-sectional visual-
isation of a printed part has been commonly carried
out using optical methods for fibre alignment analysis.
However, it is difficult to perform fibre alignment analy-
sis using a destructive method after printing to reveal
the correlation between the flow field in the liquifier
and the additive rotation. Moreover, there is a lack of
studies that control the fibre alignment in the through-
layer direction, except the aforementioned work by
Nagarajan et al. (2018). Alignment of a fibrous additive
in a direction vertical to the flow direction has been com-
monly achieved in the traditional moulding process by
using a mould containing an orifice (Nguyen and Oh
2020; Trebbin et al. 2013; Pathanasiou and Guell 1997;
Butler 1999). However, there is insufficient past work
on the quantitative effects of orifice thickness and flow
speed on vertical fibre alignment in the context of addi-
tive manufacturing. To overcome the limitations of the
existing literature, this study carries out experimental
measurements and numerical simulations of the fibre
alignment process within a polymer matrix, with the
goal of improved fibre alignment in additive manufac-
turing of composite polymers. If it is possible to derive
an FFF nozzle that can control the alignment of additives
in a specific direction, it will be possible to fabricate pro-
ducts for multi-functional structures and 3D electronics
(Gardner et al. 2016; Guo et al. 2015; Goh et al. 2021)
that has higher electrical and mechanical physical prop-
erties at even with a small concentration of additives.

In this study, fibre alignment inside filaments
extruded with various extrusion speeds in a nozzle
with an orifice channel was observed using the flow visu-
alisation method. Flow visualisation experiments were
conducted inside the mould flow channel using 7 µm
diameter and 88 µm long carbon fibres in a transparent
polymer that is rheologically similar to commonly used
FFF polymers that are opaque and, therefore, inap-
propriate for flow visualisation. A mixture of carbon
fibre and uncured polydimethylsiloxane (PDMS) was
extruded into a transparent flow channel that mimics
an FFF nozzle. Fibre alignment in the polymer prior to
extrusion and in the deposited raster after extrusion
was observed. The impact of orifice shape on the
change in fibre alignment angle in the through-layer
direction was analysed. Furthermore, the results were
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compared with the general nozzle results obtained with
an internal flow channel having a constant diameter.
Experimental measurements were compared with a
computational fluid dynamics (CFD) simulation. It was
found that the orifice structure inside the nozzle
increases the vertical alignment of fibres and can be
used to enhance through-plane physical properties of
the printed part.

2. Methods

2.1. Experiment design

To optimally design the experiments for observing the
fibre alignment occurring during the FFF process of
the polymer composite and dependence of fibre align-
ment on the orifice shape inside the nozzle, the scope
of experimental observation and working fluid selection
issues were first considered. In a general FFF process, the
fibre alignment is set inside the nozzle flow channel
before being extruded from the nozzle and is typically
parallel to the raster direction (Shofner et al. 2003), as
presented in Figure 1(a). The key objective of this
study was to contribute towards improving the
through-layer physical properties of the polymer com-
posite manufactured using the FFF method. For this
purpose, fibre alignment vertical to the raster direction
was increased by installing an orifice structure inside
the extrusion nozzle.

The main observation target in the flow visualisation
experiments was the inner flow channel of the extrusion
nozzle. As mentioned above, fibre alignment during the
FFF process is expected to be mostly set inside the

nozzle flow. First, the additive inside the nozzle rotates
under the effect of the shear stress, which rapidly
changes because of several factors, such as the orifice
structure, no-slip conditions of the nozzle wall, flow
speed and viscosity of the liquified polymer composite
mixture. However, after being extruded from the
nozzle, the shear stress at the interface between the
extruded filament and air becomes close to zero. Conse-
quently, the shear stress in the extruded filament and
the additive alignment do not change after the nozzle
exit, except when it bends to 90° because of contact
with the bed or an already deposited layer. This
phenomenon was experimentally verified, and thus,
the extrusion nozzle and the filament immediately
after being extruded from the nozzle were selected as
the observation targets in the experiments.

To supplement experimental observations of the cor-
relation between fibre alignment and the flow field,
flow in a channel configuration representative of the
nozzle used in the experiments was calculated by CFD
analysis. In theCFDanalysis, the liquifiedpolymer compo-
site was assumed to be a single-phase fluid. Moreover,
the flow fields in the channel inside the nozzle and
filament outside the nozzle were analysed and compared
with the additive angle change obtained by the flowvisu-
alisation experiments. We investigated the correlation
between the statistical fibre alignment angle and the
shear and extension rates, which are the gradient com-
ponents of the filament flow direction speed (v) and the
speed vertical to the flow direction (u), respectively, in
the flow field in the filament calculated by CFD. The
plot of the shear and extension rates inside the filament
during the FFF process is presented in Figure 1(b).

Figure 1. Schematic of extruding process of polymer composite with fibre-type additive in FFF: (a) overall process and (b) flow field
inside the nozzle.
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PDMS (Sylgard 186, Dow Co.), containing a highly
viscous base and a curing agent, mixed with 7 µm diam-
eter and 88 µm long carbon fibres was selected as the
working fluid to mimic the polymer composite in FFF.
PDMS has been widely used as a printing material for
direct ink writing (Lewis 2006), but with limited appli-
cations in other 3D printing techniques (Ozbolat et al.
2018). Also, PDMS is an ideal polymer for the flow visu-
alisation due to its transparency and suffices the objec-
tive of the present work. Specifically, for the extrusion
process, which is the main objective of this study, the
transparent nature of liquified PDMS enables visual
observation of the inside of the liquified polymer
material that is not possible with more common FFF
materials such as acrylic that are opaque. The PDMS
polymer utilised in this study has a viscosity of
66.7 Pa·s (Sylgard 186 Silicone Elastomer Technical
Data Sheet, Dow Co.), which is 20 times higher than
that of general-purpose PDMS (Dow Co., Sylgard 184)
commonly used for soft-lithography. In spite of using
the transparent PDMS with the highest viscosity, when
compared to typical thermoplastic polymers for FFF,
the viscosity of polymer melts is typically an order of
magnitude larger. Further discussion regarding the
effect of viscosity of the working fluid on the fibre align-
ment is covered in Section 3. Nevertheless, we believe a
flow condition similar to an extruded filament in FFF is
obtained with the use of PDMS due to the small
changes in the relative value of velocity gradients of
the flow field and, consequently, the lack of dependence
on viscosity.

Ball-milled carbon fibres of a diameter and an average
length of 7 and 88 μm, respectively, were used as addi-
tive and were mixed with liquified PDMS in a mass
ratio of 0.07% (volume ratio of 0.04%). This mass ratio
is lower than the generally reported additive concen-
tration in polymer composites for 3D printing.
However, as mentioned previously, this concentration
was selected owing to the constraint of visually observ-
ing the additive alignment by flow visualisation. Conven-
tionally, this concentration is a dilute phase in which the
interaction between the additive particles does not
affect the additive alignment (Pathanasiou and Guell
1997). The additive concentration for a polymer compo-
site in a general FFF process exceeds 1%. It is known that
in this concentration range, the additive–additive and
additive–wall interactions become important. Compared
with a previous research in which additives vertically
aligned in an abruptly expanded flow channel were ana-
lysed, generally identical additive alignments were
observed with both low and high additive concen-
trations of 0.07% (Nguyen and Oh 2020) and 30%
(Trebbin et al. 2013), respectively. Based on these two

cases, it is inferred that the general representation and
understanding of additive alignment during an actual
FFF process is possible through the analysis of the addi-
tive alignment in the dilute state as performed in this
study.

2.2. Experimental set-up

The experimental equipment to analyse the additive
alignment during the FFF process can be divided into
the flow channel of extrusion nozzle, an optical appar-
atus for the flow visualisation and a part related to the
working fluid. The assembly of the block with the
nozzle and the total experimental apparatus are
shown in Figure 2. The optical equipment for the flow
visualisation was composed of a high-speed camera
(Phantom, MIRO C110) combined with an optical micro-
scope (Mitutoyo, VMU-V) with a 2× objective lens (Mitu-
toyo, M plan APO 2×) for observing the inside of the
nozzle channel. The optical assembly was placed on
top of an x, y and z stage, and the focus of the micro-
scope was fixed to 1.5mm inner plane of the front
acrylic plate. A flat LED lighting pad placed at the oppo-
site side of the high-speed camera was utilised as the
light source. Using the high-speed camera, the inside
of the flow channel with an installed orifice and after
being extruded from the nozzle were separately
recorded. The flow visualisation image recorded a
2.16 × 1.35 mm2 window with a resolution of 768 ×
480 pixels and in 60 frames per second using the
high-speed camera. The lightness and brightness of
the obtained flow visualisation image were adjusted
by the image correction programme of the camera.
The correction was conducted to sharpen the fibres
that were in-focused compared to the background
and out-focused fibres. The location, length and angle
data of the fibres were extracted from the corrected
images using the analysis particle function of the
ImageJ software (National Institutes of Health, USA). A
total of 20–100 flow visualisation images were analysed
for each flow case, and the time interval between the
images was set as over 2 s to prevent the duplication
of single fibre results.

The base of Sylgard 186 and a curing agent were
mixed in a ratio of 10:1 and used as the working fluid.
The carbon fibres used as the additive were ball-milled
and had a diameter of 7 μm. The average length of a
total of 23,000 carbon fibres obtained by the flow visual-
isation experiments was 88 μm with a standard devi-
ation of 24 μm. To obtain a more uniform carbon fibre
length, the carbon fibre powder was sieved twice
using a mesh of 60 μm in size and subsequently mixed
with PDMS. The carbon fibres were mixed with PDMS
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in a mass ratio of 0.07%, which is the concentration
deduced from several tests for recording sufficiently
large number of fibres in a single image without
overlap of the fibres in the flow visualisation image.
The mixture was degassed in a centrifuge (Nasco
Medilab, L450) at 4000 rpm for 3 min in order to
remove air bubbles included during the hand mixing.
The carbon fibres did not aggregate at the bottom of
PDMS during the degassing process, and no precipi-
tation phenomenon of the carbon fibres attributed to
gravity was observed during the experiments. Addition-
ally, fibres were well mixed inside the PDMS medium
and no aggregate was observed, even inside the
nozzle flow channel just up-stream of the orifice. The
mixture was placed in a 50 mL syringe and pumped
into the flow channel by a high-pressure syringe pump
(KD Scientific Inc., KDS-410). The syringe pump and the
flow channel were connected by a polyurethane tube,
and the working fluid was pumped at three different
flow rates of 0.1, 0.2 and 0.4 mL/min. Reynolds
numbers in the nozzle channel and the speed of
extruded filament corresponding to these three flow
rates were 1.12 × 10−4, 2.24 × 10−4 and 4.48 × 10−4 and
2.12, 4.25 and 8.49 mm/s, respectively. These low
values indicate laminar flow in the experiments. The
nozzle flow channel, flow visualisation experimental
apparatus and working fluid parts were assembled
together and are presented in Figure 2(a). The actual
printing was extruded on the x and y motor-adjusting
stages with the temperature maintained at 150 °C,
while all other parts were in a room temperature of
25°C. Carbon fibre and PDMS mixture were dispensed
in room temperature unlike a typical FFF process
where the nozzle is maintained above the glass tran-
sition temperature of the extrusion polymer. The actual
image of the PDMS and carbon fibre mixture being

extruded through the nozzle with an orifice is shown
at Figure 2(b). During this process, the space between
the stage and the nozzle was adjusted to be 10 mm.

Although the general FFF process nozzle is a cylind-
rical-shaped flow channel, in this study, orifices of
various shapes were investigated, as shown in Figure
2(c). The orifice shapes were manufactured referring
to the mould flow channel in a previous study
(Nguyen and Oh 2020) that simulated injection mould-
ing. Figure 3(a–c) shows the internal flow channel of
the extrusion nozzle utilised in this experiment. The
flow channel is composed of a total of six components.
After placing a bilaterally symmetric aluminium (Al)
insert for forming the orifice flow channel at the
centre, the Al support and transparent acrylic visualisa-
tion windows are assembled at the top and bottom and
the front and rear, respectively. The cross-section of the
flow channel, excluding the orifice, is a rectangle with a
width and a height of 2 and 3 mm, respectively. Fur-
thermore, there is a circular hole with a diameter of
1 mm at the centre of the Al support with a thickness
of 1 mm at the bottom of the part where the filament
is discharged and extruded. Al inserts with internal
orifice widths of 0.2 and 0.5 mm are presented in
Figure 3(a,b), respectively. For the flow channel with
no orifice, as shown in Figure 3(c), an orifice with a
width of 0.5 mm was turned upside down and used.
Finally, a general FFF nozzle without an orifice (diam-
eter of 1 mm) was also tested, which is presented in
Figure 3(d). The total length of the manufactured
nozzle flow channel was 20 mm. For the observation
of the fibre alignment inside the flow channel, a trans-
parent acrylic plate with a thickness of 2 mm was used
at the front and back sides. The total channel parts
were assembled with a total of 12 bolts and nuts,
forming a single block.

Figure 2. Experimental set-up for flow visualisation: (a) overall set-up, (b) extrusion process and (c) cross-section of nozzles.
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2.3. Computational fluid dynamics analysis

To correlate the carbon fibre alignment during FFF with
the flow fields inside and outside the extrusion nozzle, a
three-dimensional geometrical model of the flow
channel used in the experiments was developed. Fur-
thermore, computational fluid dynamics (CFD) analysis
was conducted using ANSYS-Fluent (version 17.1).
SIMPLE algorithm was utilised as the analysis method,
and the convergence criterion for calculating the conti-
nuity equations was set as 10−4. A density of a single-
phase Sylgard 186 mixture of 1.12 g/cm3 is used
(Sylgard 186 Silicone Elastomer Technical Data Sheet,
Dow Co.). Since the mixture shows non-Newtonian
behaviour, the relationship between shear rate and vis-
cosity was measured by using a rotational rheometer
(Anton Parr, MCR 102) in the shear rate range from
0.1 s−1 to 200 s−1. The measured result is shown in
Figure 4. The experimental data are curve fitted by
using the Carreau model with the following function
(Kennedy and Zheng 2013):

mapp = m1 + (m0 − m1)[1+ (lġ)2](n−1)/2 (1)

where, the fitting values of zero-shear viscosity (m0), time
constant (l), infinite-shear viscosity (m1) and power-law
index (n) of 53.6 Pa·s, 6.13 s, 0.96 Pa·s and 0.64, respect-
ively, are found to best fit the measured data as shown in
Figure 4. These viscosity parameters were provided as
inputs to the simulation in order to account for the
non-Newtonian behaviour of the polymer-fibre mixture.

Three different flow rates at the inlet – 0.1, 0.2 and 0.4
mL/min – were simulated, identical to experiments.
Pressure at the exit was set as 0 Pa. The no-slip condition
was applied at the internal wall of the nozzle flow
channel, and shear stress at the walls was set as zero
after the nozzle exit. Simulations were carried out on
the four nozzle flow channel configurations presented
in Figure 3, which is identical to the flow visualisation
experiments. Analysis was performed up to 10 mm
downstream of the nozzle exit. The overall geometry of

the simulation models is shown in Figure 5. The diameter
of the cylinder extruded filament after the nozzle exit
was determined to be 1.2 mm by flow visualisation
image analysis. This value is larger than the nozzle diam-
eter of 1 mm because of die swell of the PDMS and fibre
mixture.

To verify mesh independence of the simulations,
results for approximately 21, 41 and 54 million elements
were compared for the nozzle flow channel with a
0.2 mm orifice. The flow direction speed, v is plotted in
Figure 6 for a different number of elements. Amongst
the meshes used here, v measured at a location of
0.2 mm from the orifice exit showed a difference of
only 0.2%, and therefore, in this study, the mesh of 54
million elements was chosen for all further simulations.

To compare CFD results with flow visualisation exper-
imental data, vwith different orifice sizes from the nozzle
exit were compared and are illustrated in Figure 7. From
the two images consecutively recorded with a 0.1 s time
interval in the flow visualisation experiments, the speed
was obtained after calculating the change in the
locations of the individual fibres from the exit of the
nozzle in the extrusion direction. The experimental and
CFD analysis results showed good agreement and
were verified using the fibre speed obtained from the
flow visualisation.

3. Result and discussion

3.1. Flow visualisation

This study aims to observe and characterise the align-
ment of additive particles in FFF-printed parts and
understand the impact of nozzle shapes and extrusion
velocities. Flow visualisation experiments using carbon
fibre in PDMS polymer are used as the filament material.
Figure 8 shows flow visualisation images inside the
nozzle and immediately after the nozzle extrusion
when the liquified mixture is injected into the nozzle
at a flow rate of 0.2 mL/min. Figure 8(a) presents flow

Figure 3. Schematic diagrams of the extrusion nozzle channels with various orifice thicknesses: (a) 0.2 mm orifice, (b) 0.5 mm orifice,
(c) no orifice and (d) actual nozzle.
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Figure 4. Measured relationship between the viscosity and shear rate of carbon fibre (0.07% wt.) and uncured PDMS mixture. Exper-
imental results are presented as circles and solid line represents best fit by the Carreau model.

Figure 5. Schematic of the geometry for computational fluid dynamics (CFD) simulations for 4 cases of 0.2 mm orifice, 0.5 mm orifice,
no orifice and actual nozzle.
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visualisation images on the inside of the nozzle flow
channel. The images in Figure 8(a) from left to right cor-
respond to 0.2 mm orifice, 0.5 mm orifice, no orifice and
actual nozzle. Figure 8(b) shows images recorded after
the nozzle exit in the same sequence. In the case of
the nozzle flow channels including 0.2 and 0.5 mm

orifices, as shown in Figure 8(a), the fibres are found to
be aligned in a radial shape after passing through the
orifice. However, in the case of no orifice and actual
nozzle, the fibres were generally extruded parallel to
the flow direction. Information such as the location
and alignment angle of the clearly focused fibres was

Figure 6. Comparison of velocity distribution at y = 0.2 mm downstream of the orifice in the flow direction. Plots are shown for three
different number of mesh elements.

Figure 7. Comparison of extruder outlet velocity calculated by flow visualisation and CFD.
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obtained from these flow visualisation images by image
processing.

As shown in Figure 9, filament extruded from the
nozzle exhibited no significant change in the internal
fibre alignment after bending to 90° on the bed until it
hardens. Figure 9(a) shows flow visualisation images of
the filament extruded from the nozzle with a 0.2 mm
orifice flow channel to the bed and of the filament con-
tacting the bed and bending to 90° after the nozzle

extrusion. To quantitatively analyse the fibre alignment
change inside the filament after the nozzle extrusion,
the average fibre angles in the 1 mm region towards
the extruded filament progressing direction immedi-
ately after the nozzle exit (dotted line denoted as A in
Figure 9(a)) and after being placed on the bed (dotted
line denoted as A′ in Figure 9(a)) were calculated. For
the fibre angle, a clockwise or a counterclockwise
angle based on the filament progression direction is

Figure 8. Images of the flow visualisation (a) inside and (b) outside of the extrusion nozzle, depending on the inner nozzle configur-
ation for a flow rate of 0.2 mL/min.

Figure 9. Comparison of alignment angle inside the extruded filament at the nozzle outlet and after deposited on the bed for 0.2 mm
orifice for a flow rate of 0.2 mL/min: (a) flow visualisation image and (b) calculated alignment angles at lines A (nozzle outlet) and A′

(after bending 90° on the bed surface).
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marked in Figure 9(b). The average values of 20 fibre
angles calculated on A and A′ lines were 32.9° and
39.0°, respectively, showing a small difference. In par-
ticular, for the filament hardened on the bed, the fibre
angle of the bottom part (touching the heating bed)
accounting for 20% of the total length of A′ could not
be included in the average value because of the
shadow on the heating bed. The fibres inside the
filament extruded from the nozzle are aligned more par-
allel to the flow direction near the edges contacting with
air and the bed compared to those near the central part.
Therefore, the fibre alignment angle at the nozzle extru-
sion exit and the bed surface were expected to be
reduced more than the difference obtained from the
aforementioned A and A′ lines. Although a single
image was analysed in Figure 9, the analysis of
additional images showed a very similar deviation in
the average angle of fibre alignment between inside
and outside the nozzle channel.

As determined from Figure 9, the fibre alignment
value observed at the nozzle exit is similar to that har-
dened on the bed; hence, the flow visualisation exper-
iments and the CFD analysis were limited to a ∼2 mm
region of the flow channel inside the nozzle and after
the extrusion. First, to compare the fibre alignment
inside the nozzle and after the extrusion from the
nozzle, by the flow visualisation, the fibre angles for
different nozzles were calculated. Similar to the fibre
angle shown in Figure 9, a clockwise or a counterclock-
wise angle is based on the filament progression direc-
tion (y-axis). The absolute value of the alignment angle
is presented since the fibres show almost symmetrical
alignment with respect to the vertical centre line in
the flow direction. The alignment angle of fibres inside
the nozzles at a flow rate of 0.2 mL/min is presented in

Figure 10. Figure 10 shows the scatter plot of the
angles of a total of 24,000, 50,015, 25,067 and 4,651
fibres inside and outside the nozzles for the 0.2 mm
orifice, 0.5 mm orifice, no orifice and actual nozzle flow
channels, respectively. For the flow visualisation, exper-
iments on the inside of the nozzle (Figure 10(a–c)),
from the orifice to 1 mm downstream of the orifice,
were selected as the object of observation. After the
nozzle extrusion, the angles and locations of the fibres
inside the 0–2 mm region in the filament length direc-
tion were calculated using the image processing
method described in a previous section. Although the
actual distance between the inside of the nozzle and
the nozzle exit was longer than that marked in Figure
10, the flow visualisation results of the inside and
outside of the nozzle, which were separately obtained,
are schematised in Figure 10 for comparison.

Although it was observed that the fibre alignment
angle at the nozzle exit and after deposited on the
bed did not change, the additive alignment in the final
FFF product may be different from what we see at the
nozzle exit. This is because, as revealed in recent
studies (Heller, Smith, and Jack 2019; Wang and Smith
2021; Consul et al. 2021), fibre alignment inside the
extruded filaments may change additionally due to a
squeeze flow between the nozzle and the bed or
already deposited layer. The gap distance between the
nozzle and the bed and the shape of free surface of
the bead at the nozzle exit were found to affect the
alignment of fibres inside the deposition and the result-
ing bulk mechanical properties. However, in this study,
due to the emphasis on analysing the fibre alignment
inside the nozzle channel, we have simplified the
extruded filament to simply bend 90° on the bed. The
impact of the squeeze flow on the final fibre alignment

Figure 10. Scatter plot of alignment angle of fibres travelling inner and outer nozzle depending on inner nozzle configuration: (a)
0.2 mm orifice, (b) 0.5 mm orifice, (c) no orifice and (d) actual nozzle. Flow rate of the filament is fixed to 0.2 mL/min in all cases.
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in the printed part may need further investigation, which
may involve the optimisation of the printing process to
obtain desired fibre alignment in the printed part.

From the fibre angle distribution in Figure 10, it is
observed that more fibres with high angles marked in
red and yellow are distributed around the filament
centre part as the width of the orifice reduces.
However, it was found that the fibres are generally
aligned parallel to the filament heading direction in
the filament edges and the whole region in the case of
no orifice and orifice after the actual nozzle extrusion,
respectively. The fibres extruded from the orifice did
not show a clear alignment angle change before and
after the nozzle extrusion. Moreover, in all experimental
cases, it was observed that the fibres with a relatively
higher angle at the periphery of the centre disperse to
the periphery after being extruded from the nozzle.
The maximum difference between the average angles
inside the nozzle flow channel and after the extrusion
is 6° for the 0.5 mm orifice case, indicating the aforemen-
tioned phenomenon. The fibres that pass through the
orifice are parallel to the flow direction at the centreline,
whereas the regions where the alignment angle rapidly
increases are symmetrical to the centreline. For the
0.2 mm orifice case, the increase in the alignment
angle was more rapid than that for the 0.5 mm orifice
case. This trend is also found in Figure 11, which illus-
trates the average fibre angles in a 0–1.5 mm region
after the nozzle exit for different filament flow rates. As
previously observed in Figure 9, the fibre alignment
angle does not change after the nozzle extrusion in all
experiments.

Figure 11 presents results related to the fibre align-
ment angle immediately after the nozzle exit obtained
with different filament flow rates and depending on
the presence and thickness of the orifice. Although the
filament extrusion speed was adjusted from 0.1 mL/
min to 0.4 mL/min, the fibre alignment angles with
different flow rates showed a negligible difference in
all cases. Similar to a previous observation, the fibres
with |x|≤0.1 mm based on centreline were aligned paral-
lel to the extrusion direction in the nozzle with an orifice.
However, when the fibres were out of this range, the
fibre alignment rapidly became vertical to the flow direc-
tion. An m-shaped profile in which the decrease in fibre
alignment angle towards the free surface was observed
in the |x|>=0.2 mm region. In contrast, in the no orifice
nozzle case, the alignment angle of the centre part
was slightly higher than that of the surrounding;
however, no significant difference was found in
general. Similarly, in the actual nozzle cases, the align-
ment angle of the left part was slightly higher than
that of the right part; however, no large difference

occurred. One unexpected observation was that the
fibre alignment angle was only dependent on the
inside shape of the nozzle, and the flow velocity did
not affect it. To gain a better understanding of the
phenomenon that the fibre angle is not affected by
the deep valley of the fibre angle and the flow rate at
the filament centre found in the orifice-inserted nozzle,
the flow visualisation results were compared with the
shear and extension rates, which are the velocity gradi-
ents of the flow field calculated by the CFD analysis.

3.2. Comparison with shear rates

It was found that the speeds calculated by the CFD
were in good agreement with those calculated by the
flow visualisation experiments within a 3% error as
shown in Figure 7. Moreover, it was found that the
flow velocity at the centre, inside the filament, after
the nozzle extrusion (v) and at the air interface does
not show a large difference. The flow visualisation
experimental results most similar to the CFD results
were the case without an orifice and with a 0.5 mm
orifice. However, in the case with a 0.2 mm orifice, the
measured speed was 7% lower than the CFD speed.
This was probably because in the 0.2 mm orifice test,
slight leakage occurred between the assembled flow
channel parts owing to the higher internal pressure
than in other cases. To investigate the correlation
between the fibre rotation and the gradient of the x-
directional velocity components of the flow field
inside the nozzle flow channel were analysed from
the CFD result.

In the flow of a suspension including a fibre-type
additive in the mould flow channel used in injection
moulding, the flow direction gradient of velocity in the
direction of flow, shear rate (∂v/∂x, ġ) and gradient of vel-
ocity perpendicular to the flow in the same direction,
extension rate (∂u/∂x, 1̇), are generally known to have
the most significant effect on the fibre alignment. Fur-
thermore, it is known that the shear rate arrays the
fibres into the flow direction inside the mould flow
channel, and the extension rate aligns in the direction
vertical to the flow direction (Nguyen and Oh 2020;
Trebbin et al. 2013). In this study, it is determined that
the absolute size of these flow field gradients does not
have a direct impact on the fibre alignment. This is
because the shear and extension rates almost linearly
increase with increasing flow velocity inside the nozzle
flow channel. This can be seen in the CFD results of
the nozzle with a 0.2 mm inserted orifice, and the calcu-
lation results of the 0.1 and 0.2 mL/min or 0.4 mL/min
showed that the shear and extension rates increase
exactly 2 and 4 times, respectively. However, Figure 11
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also indicates that there is a negligible difference in
these fibre alignment angle distributions. In this study,
we assumed that the absolute value of the rate ratio
(1̇/|ġ|) between the extension and shear rates, a fibre
alignment index proposed by Trebbin et al. (2013),
affects the alignment inside the nozzle flow channel.
Moreover, the absolute values of the rate ratios of the
0.2 mL/min case calculated using CFD are compared
and presented in Figure 12. Fibre alignment in the direc-
tion vertical to the flow direction in the flow region with
a rate ratio of over 0.14 was proposed in the flow visual-
isation research on the water suspension flow including
cylindrical micelles in converging and diverging micro-
channels by X-ray (Trebbin et al. 2013).

Based on the comparison of the results shown in
Figures 10 and 12, the rate ratio distribution inside the
nozzle flow channel is calculated from CFD analysis.
Moreover, the fibre alignment angles obtained from
the flow visualisation experiments are generally similar.
For the nozzles with 0.2- and 0.5-mm orifices, a high
rate ratio and a large fibre alignment angle were
obtained near the flow channel centreline, the orifice

outlet wall and the nozzle exit wall. It was also observed
that the rate ratio and the fibre alignment angle at the
wall of the nozzle exit are higher than those at the
flow channel centre and other regions in the no orifice
flow channel. For the nozzle with a 0.2 mm orifice, the
rate ratio value of the red region is 75% higher than
that of the 0.5 mm orifice case, which contributes to
generally high fibre alignment angles. However, there
are regions in which the rate ratio value and the fibre
alignment angle do not follow a proportional relation-
ship. For example, the high rate ratios in nozzles with
an orifice were limited to the y≤ 0.4 mm region at the
orifice exit. However, a high fibre alignment angle at
the centre was commonly found in the flow visualisation
experiment even after the nozzle extrusion. This
suggests that the rate ratio is not indirectly related to
the fibre alignment angle but it involves the rotation
of the fibres.

In a previous study explaining the vertical alignment
of a fibre at the centre of the mould flow channel with an
installed orifice (Nguyen and Oh 2020), it was concluded
that a high extension rate or rate ratio results in a high

Figure 11. Averaged angle of fibres calculated at 0 mm≤ y≤ 1.5 mm where y = 0 is the nozzle outlet and y-axis represents the direc-
tion of filament extrusion. Angle of fibres is depicted along x-axis where x = 0 is the centre of the extruded filament depending on
inner nozzle configuration having (a) 0.2 mm orifice, (b) 0.5 mm orifice, (c) no orifice and (d) actual nozzle.
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correlation with the rotating moment of the fibre. More-
over, the aforementioned phenomenon can be
explained using this analysis. Therefore, because of the
high rate ratio in the y≤ 0.4 mm region at the centre,
the fibres rotate and align in the direction vertical to
the flow direction. After passing through this region,
the fibres gradually align back to the flow direction
owing to the relatively low rate ratio. If the nozzle path
flow is long, it is expected that the vertically aligned
fibres will ultimately recover the parallel alignment to
the flow direction because of the extension rate being
close to zero and the low shear rate that is relatively
higher than the extension rate. However, in the nozzle
of this experiment, the fibre is extruded to the nozzle
exit after passing through the orifice and subsequently
the 1 mm flow channel, following which it is additionally
aligned at the nozzle exit. Moreover, after the nozzle
extrusion, the shear or extension rate converges to
zero. Therefore, there is no change in the fibre alignment
after deposited on the bed, similar to in the flow channel
inside the nozzle.

A similar discussion can be made when predicting the
fibre alignment of different viscosity of the working fluid.
In an actual FFF process, the viscosity of polymer melts is
at least an order of magnitude higher compared to the
working fluid in this study. We believe that this viscosity
difference does not impact the relative flow field inside
or outside the nozzle. The difference in viscosity may
impact the extension and share rates in the flow, but
not the rate ratio, which is the key parameter that
governs fibre alignment. This is supported by simu-
lations that show a negligible change in rate ratio with
the fluid viscosity. Furthermore, in separate experiments
to investigate this further, fibre alignment inside the
nozzle channel with 0.2 mm orifice with base PDMS of
Sylgard 184 and Sylgard 186 showed a negligible differ-
ence in alignment angle inside the nozzle flow despite a

20× difference in the viscosity of the two polymers.
Based on such comparison, we believe the fibre align-
ments in the actual FFF process with higher viscosity
are likely to be similar to the current fibre alignment.

3.3. Discussion on parallel alignment in the
nozzle centre

The part not investigated by the analysis of the corre-
lation between the shear and extension rate ratio and
the fibre alignment inside the nozzle flow channel is
the fibre alignment at the centre of the flow channel
observed in the flow visualisation experiments includ-
ing an orifice flow channel. The phenomenon that the
fibre alignment profile has a valley shape in the |
x|≤0.2 mm region, as shown in Figures 10 and 11, is
unusual and conflicts with the previous flow visualisa-
tion experimental results in the injection mould flow
channel passing through an orifice (Nguyen and Oh
2020). Based on the rate ratio calculated by CFD, it
was also determined that the rate ratio at the centre
is higher than in regions where fibre alignment angles
have a higher value. In Figure 13(a), the flow visualisa-
tion results imitating the mould flow channel for the
same shaped orifice and the expansion channel
elongated to 20 mm are compared with those of the
nozzle path flow including a 0.2 mm orifice. In
general, the fibres that passed through the orifice
were dispersed in a radial-shaped alignment centring
around the centre of the flow channel. However, in
terms of the flow channel inside the nozzle, fibres
flowing close to the centreline were found to be paral-
lelly aligned. The comparison results of the rate ratio
calculated by the CFD analysis of the injection mould
and nozzle flow channels are presented in Figure 13
(b). Generally, similar profiles were observed, except

Figure 12. CFD calculation of rate ratio depending on the nozzle channel configuration for a flow rate of 0.2 mL/min.
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that the rate ratio was related to the downstream of the
flow channel in the mould flow channel.

To observe the parallel alignment of fibres at the
centre of the nozzle channel including an orifice in
detail, Figure 14 shows the sequential flow visualisation
images over time for the zoomed-in region of the
0.2 mm orifice exit. It is shown that all fibres recorded
with a 0.05 s time interval move in the PDMS
medium with a flow speed of 0.2 mL/min. The
bottom part in Figure 14 shows the reconstruction of
the location and angle changes of the five representa-
tive fibres marked in red dotted ovals. First, it was
found that the fibres flowing close to the flow
channel wall after exiting the orifice (two fibres near
x =−0.25 and 0.3 mm) were aligned in a vertical direc-
tion of the fibre alignment, as they moved towards
walls. However, they rapidly recovered the alignment
in the flow direction. In contrast, the fibres located at
x = ±0.08 mm were rapidly aligned in a vertical direc-
tion when exiting the orifice, and this alignment was
maintained. Finally, the fibres flowing close to the
flow channel centreline (x = 0.04 mm) were aligned par-
allel to the flow direction from the orifice exit, and the

fibre angle did not change. This is clearly a different
alignment phenomenon from those of the fibres at
the centre of the flow channel that passed through
the orifice inside the injection mould, as shown in
Figure 13. This phenomenon occurred in several repeti-
tive experiments and was observed regardless of the
flow channel orientation to the gravity, flow speed
and orifice spacing. Until now, this phenomenon is
found in a nozzle flow channel with a distance of less
than 3 mm between the orifice and the extrusion
nozzle. It is a new alignment phenomenon not
observed inside an internal flow channel as in an injec-
tion mould. The reason behind this observation will be
revealed in future experiments on various flow channel
shapes and CFD analysis accounting viscoelastic effects
of composite mixture.

Flow visualisation and CFD analyses described above
indicate that more carbon fibres inside the filament
extruded through an orifice-included nozzle are
aligned in through-plane than through the nozzle
without an orifice. Finally, Figure 15 presents the fibre
angle in an approximately 2 mm region to the y-direc-
tion after the nozzle extrusion at a flow speed of 0.2

Figure 13. Comparison of fibre alignment in 0.2 mm orifice nozzle and injection moulding channel 0.2 mm orifice, (a) flow visualisa-
tion images and (b) rate ratio calculated by CFD.
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mL/min for all nozzle cases. The angle marked here is the
value obtained by averaging all fibre angles calculated
for the |x|≤0.6 mm region in the y range of the
0.01 mm interval. It was again found that the fibre align-
ment angle change is negligible after the extrusion.
Moreover, it was observed that the nozzle including an
orifice with a smaller width shows an increase in the ver-
tical alignment of the fibre. With the 0.2 mm orifice
nozzle, the angles of all extruded fibres were 26.5°,
which is a distinctly higher alignment angle than that
of the 0.5 mm orifice nozzle (19.2°), no orifice nozzle
(15.2°) and actual nozzle (11.6°). These results exper-
imentally determined that the fibres can be aligned in
a vertical direction in the flow profile through a structure
in which the flow channel width inside the nozzle con-
tracts and expands.

It is important to recognise key limitations and
assumptions underlying the present work. Only a
limited number of nozzle designs have been used in
this work, mainly based on enabling good quality flow
visualisation. These nozzle designs are not necessarily
optimal from fibre alignment perspective, but certainly
help provide the fundamental knowledge of fibre

alignments of the interior and exterior of the FFF
nozzle. The flow after the nozzle exit is simplified
which does not account for a squeezing effect
between the nozzle exit and the bed. Due to such sim-
plification, fibre alignment inside the extruded filament
reported here may contain some uncertainty compared
to an actual FFF process with a narrower gap height
between the nozzle exit and the bed.

Based on the key findings reported here, a number of
directions for future work are recommended. Multiphase
simulations that predict fibre alignment in detail may be
helpful in further understanding the mechanics of fibre-
polymer composite. Printing with longer and high-
volume fibres, with alignment control using techniques
similar to those described here, may be very beneficial.
Nevertheless, the comparison of the flow field inside
the nozzle and the flow visualisation experiment in the
present study would broaden the understanding of the
alignment of additives in the FFF process and may
enable the design of 3D printing nozzles with controlled
additive alignment angle inside the printed product.
Additionally, it will enable FFF products with higher
thermal properties in the through-plane and layer-layer

Figure 14. Sequential images of flow visualisation of fibre alignment inside nozzle channel with 0.2 mm orifice for a flow rate of 0.2
mL/min (top) and a reconstructed image showing the evolution of alignment of 5 representative fibres travelling channel centre and
surrounding regions (bottom).
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direction which were not possible with conventional
nozzles and other techniques such as raster sequencing.

4. Conclusions

Polymer-fibre composites present a promising technique
for improving the mechanical and thermal properties of
3D printed parts. However, fibre alignment in filaments
is critical to achieve the desired enhancement and to
maximise the benefit of the composite properties
within a small fibre fraction. Both experimental and simu-
lation aspects of this work contribute towards these
goals. The FFF process using a polymer composite con-
taining carbon fibres was simulated with an orifice
installed inside the nozzle channel, and the correspond-
ing fibre alignment was observed by flow visualisation
experiments. A nozzle with a 0.2 mm orifice showed a
larger fibre alignment angle than a 0.5 mm orifice
nozzle, a no orifice nozzle and an actual nozzle channels.
It was found that thefibre alignment is not affectedby the
filament flow rate and is highly correlated with the rate
ratio, an absolute ratio of the extension and shear rates
in the nozzle flow channel, obtained from CFD analysis.

However, the parallel alignment phenomenon of the
fibre that locally occurs at the centre of the flow channel
of a nozzle with an installed orifice is irrelevant to the
rate ratio. This is a new phenomenon that did not
occur in the existing flow visualisation experiments

conducted inside an injection mould with the same
orifice channel. To investigate the physical reasons for
this phenomenon, future flow visualisation tests on
various forms of orifices and nozzle flow channels may
be required. These insights from this work may help
design FFF materials and processes that lead to better
fibre alignment and improved high through-layer phys-
ical properties. Potential applications include printing of
high thermal conductivity for advanced thermal
systems, multi-functional parts for bio-applications and
multi-layered 3D electronics.
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