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Abstract 
Printing short fibre/thermoplastic composites using the fused filament fabri-
cation method sometimes creates a gap between print paths. In this study, the 
two-dimensional moving particle semi-implicit method for liquid simulation 
was applied to simulate the print-path fusion process. The three-dimensional 
movement of the nozzle was simulated using the sliding motion of the nozzle. 
The method was applied to the printing of short carbon fibre/polyamide-6 
composites, and the simulation results were compared with those of experi-
ments. The simulated results of the cross-sectional configuration agreed well 
with the experimental results. This will enable the optimization of printing 
process parameters thus reducing the gap between print paths. 
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1. Introduction 

The fused filament fabrication (FFF) method is widely adopted for thermoplastic 
three-dimensional (3D) printing. Thermoplastic FFF-type 3D printers have been 
mainly used for prototyping in the engineering fields. In this technology, ther-
moplastic filaments with short fibers are generally employed as filaments owing 
to their high stiffness and strength. 
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Love et al. [1] showed the high stiffness and dimensional stability of the 3D 
printed products using short carbon fibre/acrylonitrile-butadiene-styrene com-
posite filaments. Tekinalp [2] et al. revealed the high strength of the short carbon 
fibre/ABS composites; the fibers in the printed path were shown to be aligned in 
the printing direction. Postiglione et al. [3] added carbon nanotubes to polylactic 
acid (PLA) and investigated the electrical conductivity of the resulting compo-
sites. They showed that electrically conductive plastic products could be fabri-
cated using the FFF-type 3D printers. Matsuzaki [4] et al. fabricated continuous 
carbon-fibre-reinforced PLA. The use of continuous carbon fibers enabled the 
printing of high-strength and high-stiffness products using the FFF-type 3D 
printers. Wang et al. [5] and Parandoush and Lin [6] reviewed research papers 
on 3D printed composites. 

Tekinalp et al. [2] conducted tensile tests with various fibre weight fractions 
using a short carbon fiber/ABS composite. With an increase in the number of 
carbon fibers, the number of voids increased in the cross-section of the speci-
mens. Ning et al. [7] performed tensile tests on short carbon fiber/ABS compo-
sites and found an increase in voids with an increase in the fiber volume fraction. 
Ferreira et al. [8] performed tensile tests on short carbon fiber/PLA composites 
and demonstrated fibre alignment in the print path orientation. Ning [9] inves-
tigated the effect of the process parameters on the tensile properties of short 
carbon fibre/ABS composites. They found that the optimal nozzle temperature 
and infill speed maximized the tensile strength. Zhang et al. [10] conducted ten-
sile and shear tests using a short carbon fibre/ABS composite. They found the 
largest gap between the print paths in the ±45˚ specimens. Naranjo-Lozada [11] 
investigated the effect of the infill pattern of the 3D printer, Mark Two. Yavas et 
al. [12] performed tensile and fracture toughness tests on a 3D printed cross- 
layer short carbon fiber/polyamide 6 (PA-6) Onyx. The tensile test results showed 
that the strength of the layup direction was approximately 32% of the in-plane 
strength. However, the effects of bed temperature and extrusion rate were not 
reported [13]. These studies indicated that the 3D printed composites require 
optimization of the fabrication conditions to reduce the gap between the print 
paths or voids. However, experimental optimizations are time-consuming, and 
an appropriate fabrication process simulation method is required. 

Talagani et al. [14] used the finite element method (FEM) to calculate the re-
sidual stress and predict cracking in the printing of a full-size working car. They 
used short carbon/ABS composites, and cracking was successfully predicted. 
Makino et al. [15] adopted the smoothed particle hydrodynamics (SPH) method 
to compute resin flow during the printing process of the FFF method. They cal-
culated the fusion process of thermoplastic resin using thermal conduction 
analysis, although they did not adopt latent heat for the phase change. Yang et al. 
[16] performed an SPH simulation of the 3D printing of short carbon fibre/PA-6 
composites. The short carbon fibers were modelled using a discrete element 
method. The study dealt with the extrusion of PA-6 particles with carbon fibers 
from a nozzle at a constant temperature. Bertevas et al. [17] computed the shear 
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deformation at the nozzle using the SPH method. They used rods made from 
rigid particles as fibers at constant temperature. The fibre direction during ex-
trusion from the nozzle was dealt with in the study. Brenken et al. [18] calcu-
lated the heat transfer and shrinkage of the fabrication process during 3D print-
ing of short carbon fibre/polyphenylene sulfide (PPS) composites. They used 
FEM analysis, and the anisotropic material properties were considered. The 
crystallization of the PPS resin was also calculated in the study. Ouyang et al. 
[19] used the SPH method to investigate the effect of the Péclet number of the 
heat transfer on the nozzle. Rigid rods were used to represent short fibers. Al-
though the latent heat from liquid to solid was not considered in this analysis, 
the heat transfer and fibre alignments in the nozzle were carefully investigated. 
Ouyang et al. [20] also considered the effect of the anisotropic thermal conduc-
tivity caused by fibre alignments in the SPH analysis. Zhang et al. [21] calculated 
the nozzle coggling using computer fluid dynamics and discrete element method. 
Lee et al. [22] used finite element method to compute the thermoplastic flow 
during printing process. Farazin and Mohammadimehr [23] used molecular dy-
namics to simulate the 3D printing process. 

Several researchers [16]-[23] have simulated the fabrication process of 3D 
printing of short fibre/thermoplastic composites. They used the FEM analysis or 
the SPH analysis method. FEM analysis requires the target structure to be di-
vided into meshes. Thus, thermoplastic resin flow analysis is difficult to perform 
because it requires remeshing of the structure. SPH analysis uses particles as 
nodes of an entire analysis field. The movements and properties of the target 
field are expressed by the response surface of the radial basis functions (kernel 
functions) at the nodes [24]. Thus, the SPH method does not require remeshing 
to analyze the resin flow. In studies that have used the SPH method, the fibers 
are modelled as serially linked particles. Thus, when we adopt an actual sized 
nozzle and fibers, a large number of particles are required, which results in con-
siderable computational time. Moreover, many studies that have used the SPH 
method adopt an explicit analysis method. This requires a small-time step when 
the particle size is small to satisfy the Courant-Friedrichs-Lewy condition. A 
small-time step generally indicates a long computational time. 

We adopted the moving particle semi-implicit (MPS) method for thermoplas-
tic flow analysis during 3D printing [25]. In the MPS method, the particle is 
considered to have spherical properties; a gradient model and a Laplacian model 
were proposed to calculate fluid from the discrete values around the particle, and 
a semi-implicit method was used to calculate the incompressible flow [25].  

In our previous study, a composite particle was adopted, and the solidification 
process of the printed path was calculated by considering the latent heat and 
non-linear viscosity of the resin; the results were compared with experimental 
results [25]. In the previous study, the MPS method was applied using a 3D 
model that required a large number of particles, although it was a single-path 
analysis. Therefore, it was difficult to perform simulations of the fusion 
processes between the printed paths that required more particles. In the present 
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study, a new 2D analysis is proposed to simulate 3D nozzle movements. First, 
single-path printing was simulated to confirm the newly developed 2D simula-
tions of the 3D printing nozzle movements. Second, the method was applied to 
the print path fusion process, and the results were compared with those of expe-
riments 

2. MPS Method 
2.1. Modelling of Melting and Solidification Using Composite  

Particles 

The melting and solidification of thermoplastic resin with short fibers were 
modelled to simulate the heat transfer and flow phenomena during the 3D 
printing process in a previous study [26]. This method is briefly explained in this 
section. 

Voller et al. [27] developed a thermofluidic simulation method to model the 
melting and/or solidification process with flow approximation in porous solids. 
In this approximation, the porous solid with melted thermoplastic has porosity 
and enthalpy. The porosity η is defined as a value that linearly increases with the 
phase change from the beginning to the end of the melting process. It can be ex-
pressed as follows: 
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where Hs is the enthalpy at the beginning of melting and HL is the enthalpy at 
the end of melting. The temperature T is defined as follows: 
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where Ts is the melting point and Cp is the specific heat after complete melting.  
Enthalpy H is the sum of the sensible heat h and latent heat ΔH. The latent 

heat is released linearly with the increase in porosity as follows: 

H h H= + ∆                            (3) 

( )L L SH H H∆ = −η                         (4) 

This method approximates the material with the liquid and solid phases dur-
ing melting or solidifying as a flow in a porous medium. This approximation 
method is adopted in the simulation of the phase change of the metal. In Equa-
tion (4), ηL is the liquid fraction. When the enthalpy equation, Equation (4), is 
applied to the composite materials, we should consider the extended liquid frac-
tion ηc for composite materials, which includes the fibre volume fraction. The 
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conventional definition of the liquid fraction of metal ηm, which is the volume 
fraction of the liquid phase, is as follows: 

m s1 F= −η                           (5) 

where Fs is the solid-phase fraction of the metal. To express a composite particle 
that comprises fibers, liquid thermoplastic, and solid plastic, the definition of the 
porous rate is modified as follows: 

( )c f s1 V F= − +η                        (6) 

where ηc is the liquid fraction of the particle, Vf is the fiber volume fraction, and 
Fs is the solid-phase fraction of the thermoplastic. The relationship between 
temperature, liquid fraction, and enthalpy is shown in Figure 1. 

In Figure 1, the abscissa is the enthalpy, the left ordinate is the liquid fraction, 
and the right ordinate is the temperature. When the enthalpy is lower than the 
value when melting starts (Hsolid), the composite particle comprises solid ther-
moplastic and fibers. The temperature increases linearly with the increase in heat 
flow. When the enthalpy is higher than Hsolid and lower than the perfect liquid 
value of thermoplastic (Hliquid), the temperature is constant, and the heat flow is 
used to transform solid thermoplastic to liquid thermoplastic. When the enthal-
py is higher than Hliquid, the thermoplastic is liquid, and the heat flow is used to 
increase the temperature of the liquid thermoplastic and fibers. 

2.2. Simulation Method with MPS 

In the present study, the MPS method [26], which was developed for the implicit 
analysis of incompressible fluid flows, was adopted for the short fibre composite 
flow simulation of the FFF process. In the MPS method, remeshing of the FFF 
process of a short fibre/thermoplastic composite flow is not required. Although 
carbon fibers are highly oriented in the printing direction [2], the present study 
regarded short carbon fibre thermoplastic composites as isotropic materials be-
cause 2D analysis perpendicular to the print path was considered in this study. 

The material properties of the particle in this study under the MPS method 
were obtained from those of the composite materials comprising short fibers and 
thermoplastic. The material properties of the composites can be calculated using 
the rule of mixtures. For example, density can be obtained as follows: 

c f f m mV V= +ρ ρ ρ                        (7) 

where ρc, ρf, and ρm are the densities of the composite, fiber, and matrix, respec-
tively. The subscripts f and m denote the material property of the fiber and ma-
trix, respectively. Similarly, the subscript c indicates the material properties of 
the composites. In the MPS method, the fluid flow can be expressed using the 
equation of continuous and the equation of motion as follows: 

0D
Dt

+ ∇ ⋅ =uρ ρ                        (8) 

21D P
Dt

= − ∇ + ∇ +
u u gν

ρ
                   (9) 
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Figure 1. Relationship between liquid frac-
tion, temperature, and enthalpy in a compo-
site particle model with phase change. 

 
where D/Dt is the Lagrange derivative, u is the velocity vector, ρ is the density, ν 
is the kinematic viscosity coefficient, and g is the vector of gravitational accelera-
tion. Using the interparticle interaction model shown in Figure 2, the derivative 
and Laplacian in Equation (9) can be discretized [26]. 

In discretization, a weight function is used to express the interaction between 
particles #i and #j, where particle #j is located at a distance of r from particle #i. 
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where w(r) is the weight function and re is the effective radius of the interaction 
zone. The density in Eqs. (8) and (9) is replaced by the density of particles ni as 
follows:  
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where ( )j iw −r r  is the weight function. Using the interparticle interaction 
mode, the discrete model of the gradient can be expressed as follows: 
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where ϕi is the physical quantity, such as pressure, temperature, etc. of particle #i, 
d is the dimension of the target space, and n0 is the density of particles at time t 
= 0. The discrete model of the Laplacian is as follows: 
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Figure 2. Particle interaction model. 

 
where λ0 is the normalization constant of the Laplacian model, and r0 is the ini-
tial equal spacing between the particles. The explicit calculation of the viscosity 
and gravity terms in Equation (9) gives the tentative velocity of the target par-
ticle. The tentative velocity is modified after the calculation of pressure. In this 
study, pressure can be calculated using Tanaka’s method [28] implicitly as fol-
lows: 

( )

* 01 *2 0 0
2 0

k i
ii

n n
P

t nt

+  −
∇ = ∇ ⋅ +  

∆ ∆  
u

ρ ρ
δ             (15) 

where *
in  is the density of particle #i at the tentative location r*, ρ0 is the initial 

density, Δt is the time step, superscript k denotes the time step in the numerical 
computations, and δ is a computational parameter usually set to a positive real 
number smaller than 1. u* is the tentative velocity, which is calculated as follows: 

( ) ( ) ( )*
0 2

2 j ik
i i ij j i j i

j i
j i

u ud w t
n ≠

 −
 = + − − + ∆
 − 

∑u u r r r r g
r r

ν        (16) 

The calculated pressure is substituted into Equation (9). This gives the true 
velocity of the next time step.  

The following heat energy conservation law is used in the heat transfer calcu-
lation in the MPS method. 

2DH T
Dt

= ∇λ                       (17) 

where H is enthalpy, λ is the thermal conductivity, and T is the temperature.  
The viscosity of a short fiber thermoplastic is represented by the Carreau 

model [29] as follows: 

( ) ( ){ }
1

2 2
0 1

n−

∞ ∞= + − + µ µ µ µ βγ                 (18) 

where μ0 and μ∞ are zero and infinite shear rate viscosities, respectively, β is the 
characteristic time, n is the material constant, and γ  is the shear rate.  

Surface tension is included in this analysis using a potential function as fol-
lows: 

re

i j
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where re is the effective radius, Csurface is a constant, and rmin is the initial closest 
particle distance. As shown in [26], Csurface can be calculated from the surface 
tension σ. The constant in Equation (19) between the thermoplastic and metallic 
nozzle or bed is calculated from the contact angle, as shown in [30]. 

The computational procedures of the MPS method are described in detail in 
[26]. In this study, not only the pressure but also the non-linear viscosity and 
heat conduction analysis are implicitly solved using the conjugate gradient me-
thod, as shown in a previous study [25]. All material constants are the same as 
those used in the previous study [25]. 

3. Experimental Method and 2D Modelling of Nozzle 

An FFF-type 3D printer, X-plus, manufactured by Qidi Tech (China), was used for 
the experiments. Using the 3D printer, a single-path printing was executed first, 
and the cross-sectional configuration was observed to compare the simulation re-
sults. Secondly, a dual-path printing was performed to observe the fusion process 
between the first and second print paths, as shown in Figure 3. The cross-sectional 
configurations at the A-a line in Figure 3 were observed, and the configurations of 
the simulation were compared with the experimental results. To observe the print 
path configuration, the print path was carefully removed from the bed, and the 
path was embedded in resin. After polishing the surface of the cross section, the 
cross-sectional configurations were observed with a video microscope. 

A short carbon fibre/PA-6 (Onyx) filament, manufactured by Markforged 
(USA), was used. The fibre volume fraction was approximately 10%. The nozzle 
temperature was set to 270˚C. The bed temperature was maintained at 80˚C. 
Three types of nozzle heights were tested: 0.149, 0.212, and 0.349 mm. 

To model a conical 3D nozzle in two dimensions for the MPS model, the 
plane (y-z plane) orthogonal to the nozzle moving direction (x direction) in 
Figure 3 was modelled. Figure 4 shows the particle model of a nozzle and bed 
used for MPS simulations. The cross-section of a nozzle with a hole of 0.4 mm 
width was used as a 2D nozzle model. As the nozzle tip had a flat area, the flat 
area and nozzle cylinder were modelled using purple particles, as shown in Fig-
ure 4. The other nozzle area, shown as a blue upside-down trapezoid, was omit-
ted in the MPS analysis to reduce the number of particles. 

 

 
Figure 3. Experimental procedures to confirm the simulation results. 
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Figure 4. Particle model of a nozzle and bed for MPS analyses. 

 
In almost all FFF-type 3D printers, the filament diameter is 1.75 mm and the 

nozzle outlet diameter is 0.4 mm. Thus, the specified filament feed speed is not 
the ejection speed from the nozzle outlet. Moreover, the reaction force of the 
melted thermoplastic resin from the small-diameter nozzle may cause a slip be-
tween the extruder gear and filament [13]. The actual extruded feed speed from 
the printed path was calculated. 

To obtain the exact thermoplastic feed speed vz from the outlet of the nozzle, 
pre-experiments were conducted to measure the injected thermoplastic resin 
cross-sectional areas, and the relationship between the specified filament feed 
speed vz and the nozzle movement speed vx was obtained as follows: 

( ) zp
2

x n 2A d vv t π=                      (20) 

where Ap is the measured cross-sectional area of the print path, dn is the nozzle 
outlet diameter, and t is the printing time. As vx and t are obtained from the 
printing condition and Ap can be measured, Equation (20) gives vz. 

As shown in Figure 5 (top view), the nozzle moved in the x-direction during 
printing. The cross section of the front view was modelled in a 2D analysis, as 
shown in Figure 5 (front view). The brown particles in Figure 5 (front view) in-
dicate the nozzle. Only the nozzle tip was modelled here. The nozzle center lo-
cated the 1-1’ cross section at time t1, as shown in the top view of Figure 5. At 
time t2 (t2 > t1), the nozzle moved in the positive x-direction by vxtd (td = t2 − t1). 
As the 2D nozzle was modelled at the center of the nozzle, it indicates the 
cross-section at the 1-1’ line in the top view of Figure 5. 

In the front view of Figure 5, the fused filament diameter dn is 0.4 mm. The 
cross-section of the 2D nozzle of the front view was fixed at the coordinate. At 
time = t2, the fused filament diameter shrank, as shown by the 2-2’ line in the top 
view. This was caused by the movement of the nozzle in the x-direction. This 
shrinkage is shown in the front view of time = t2 in Figure 5. The outer diameter 
of the nozzle shrank from 2rn (rn is the nozzle wall radius at the nozzle tip) to 

( )22
n x d2 r v t− , as shown in the top view. 

However, it is impossible to remove particles during the MPS analysis. The 
sudden removal of particles may cause pressure oscillations. The shrinkage of 
the fused filament in the front view was simulated by a moving nozzle in the 
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y-direction. The movement of the nozzle in the y-direction simulated the 
shrinking of the fused filament only in the left half of the print. Thus, in this 
study, the left half of the print was analysed, and the right half of the print was 
obtained using the relationship of symmetry. This is illustrated in Figure 6. 

Let us calculate the nozzle velocity vy. The distance moved by the nozzle y can 
be calculated as follows: 

( )22
n n xy r r v t= − −                       (21) 

From Equation (21), we can calculate the virtual movement of the nozzle in 
the y-direction vy by differentiating Equation (21) with respect to time t: 

 

 
Figure 5. Three-dimensional nozzle movement on two-dimensional nozzle simu-
lation at the center cross-section. The front view is the two-dimensional model at 
the cross section on the 1-1’ line, and rn is the nozzle wall radius at the nozzle tip. 

 

 

Figure 6. Two-dimensional nozzle movement to simulate three-dimensional noz-
zle movement. 
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( )

2
x

y 22
n x

v tyv
t r v t

∂
= =
∂ −

                    (22) 

According to Equation (22), the nozzle moved in the y-direction. However, 
when vxt approaches rp (the center of the nozzle reaches the right edge of the 
nozzle outlet), the calculated vy diverges to infinity. To prevent this infinite 
speed, the nozzle was moved far away before vxt approached 90% of rp. 

The parameters used in this analysis are shown in Table 1. 
The filament used was short carbon/PA-6 Onyx, manufactured by Mark-

forged (USA). The fibre volume fraction of Onyx was 12.1%, and the density was 
1180 kg/m3 in the datasheet [31]. The thermal conductivity of Onyx was calcu-
lated using the rule of mixtures. The properties of Onyx (short carbon/PA-6) 
were listed in a previous paper [25]. 

In the present study, three cases of nozzle height were adopted for the experi-
ments and simulations. The three types of nozzle heights were 0.148 mm (Type 
A), 0.212 mm (Type B), and 0.329 mm (Type C). The other parameters used in 
the MPS simulation were the same as those listed in a previous paper [25]. 

4. Single-Path Experiments and Simulations 

Three types of nozzle heights were used to print a single path in the experiments 
to obtain the cross-sectional area of the print path Ap, which was needed to de-
termine the exact filament seed in the experiments (Equation (20)). The cross 
sections of the three types of nozzle heights are shown in Figure 7. 

From these cross-sectional observations, the cross-sectional area of each print 
path was measured, and the filament feed speed vz was obtained using Equation 
(20). The measured cross-sectional area (Ap) of type A was 0.179 mm2. The area 
of type B was 0.145 mm2 and that of type C was 0.151 mm2. As the nozzle 
movement speed vx was fixed at 18 mm/s in these experiments, the filament feed 
speed ( )2 2

z p x n p p4 4 18 0.4 450v A v d A A= = × =  mm/s could be calculated. For 
type A, vz was 80.55 mm/s. For type B, vz was 65.25 mm/s, and vz was 67.95 
mm/s for type C. 

 
Table 1. Analytical conditions for calculation by MPS method. 

Analytical conditions Value 

Initial particle distance l0 1.5 × 10−5 (m) 

Number of fluid particles 1520 

Number of Print bed particles 590 

Number of all particles 2438 

Nozzle flat part magnification 2.4 

Nozle diameter 0.4 (mm) 

Time step 1.0 × 10−6 (s) 

Calculation time 4.19 × 10−2 (s) 
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As an example, the MPS simulation results for type B are shown in Figure 8. 
Figure 8 shows the temperature changes during the printing process. Printing 
starts at t = 0.0 s, and this is shown in Figure 8(a). Figure 8(b) shows the tem-
perature distribution during printing (t = 0.012 s). Figure 8(c) shows the end of 
printing (t = 0.0175 s). Figure 8(d) shows the movement of the nozzle (t = 
0.0419 s). As mentioned before, the movement of the nozzle on the right side 
represents the movement of the nozzle in the x-direction. 

 

 
(a)                        (b)                        (c) 

Figure 7. Experimental results of single-path printing tests. (a) Cross-sectional view of type A 
(nozzle height = 0.148 mm); (b) Cross-sectional view of type B (nozzle height = 0.212 mm) 
(cited from Figure 8 of the reference [25] with permission); (c) Cross-sectional view of type C 
(nozzle height = 0.329 mm). 

 

 
(a)                                     (b) 

 
(c)                                     (d) 

Figure 8. Simulated results of temperature distribution for Onyx obtained by the proposed me-
thod based on the MPS method. (a) Distribution of temperature (t = 0.0 s); (b) Distribution of 
temperature (t = 12 μs); (c) Distribution of temperature (t = 175 μs); (d) Distribution of tem-
perature (t = 419 μs). 

200µm
200µm 200µm

https://doi.org/10.4236/ojcm.2022.124009


Y. Imaeda et al. 
 

 

DOI: 10.4236/ojcm.2022.124009 123 Open Journal of Composite Materials 
 

Figure 9 shows the results for the liquid fraction. The red particles indicate 
that the PA-6 resin melted completely. The blue particles indicate that the PA-6 
resin was perfectly solid. Figure 9(b) shows that the PA-6 in the particles reach-
ing the bed became solid. This was because the bed temperature was maintained 
at 80˚C. Figure 9(d) shows that the upper half of the printed composite part was 
liquid, even after printing was finished. 

After solidification, the configuration of the printed path in the 2D simula-
tions was compared with the experiments as shown in Figure 7. In the simula-
tions, the right half was not appropriate because of the nozzle movement. Thus, 
the right half of the printed part was used, and the entire cross-section was made 
using symmetry. Smooth circumscribed curves were adopted for the simulation 
to make the configuration of the printed path cross-section. Similar to the pre-
vious research [25], the zero-mean normalized cross correlation (ZNCC) me-
thod was used to compare the configurations. The ZNCC method uses a com-
parison between pixels in grey scale images as follows: 

( )
( )( ) ( )( ){ }

( )( ) ( )( )
ZNCC 22

, ,
,

, ,

g x i y j g f i j f
S x y

g x i y j g f i j f

+ + − −
=

+ + − −

∑∑

∑∑ ∑∑
    (23) 

 

 
(a)                                        (b) 

 
(c)                                        (d) 

Figure 9. Simulated results of liquid fraction distribution for Onyx obtained by the proposed method 
based on the MPS method. (a) Distribution of liquid fraction (t = 0.0 s); (b) Distribution of liquid fraction 
(t = 12 μs); (d) Distribution of liquid fraction (t = 175 μs); (e) Distribution of liquid fraction (t = 175 μs). 
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In Equation (23), g and f represent the two grey scale values that we want to 
compare. The upper bar represents the mean value of the images. The calculated 
SZNCC values are presented in Table 2. 

Table 2 shows that the SZNCC values are almost equal to 1. This means that 
the 2D simulations agreed very well with the experimental results. Therefore, the 
2D simulation method was proven to be effective for the 3D printing of short 
carbon fibre/PA-6 composites. 

5. Dual-Path Experiments and Simulations 

The same 3D printer was used for the dual-path experiments. Two types of ex-
periments were performed. The four experimental conditions are presented in 
Table 3. The nozzle height and cross-sectional area were measured from the 
cross-sectional observations. The path spacing was given the G-code because it 
was difficult to measure the path spacing from the cross-sectional observations 
after the fusion process. Figure 10 shows the results of the cross-sectional ob-
servations of the dual-path experiments. Figure 11 shows the magnified images 
of the fused area between the two paths. 

The magnified images at the fused area in Figure 11 show that the two paths 
are completely joined at the path spacing 0.64 mm; however, there are slight 
gaps at the path spacing 0.70 mm. 

 
Table 2. Correlation coefficient SZNCC between analysis results and experimental results. 

Specimen Value 

A 0.877 

B 0.954 

C 0.930 

 
Table 3. Two types of dual-path experiments. 

Specimen Nozzle height (mm) Path spacing (mm) Cross-sectional area (mm2) 

D 0.172 0.64 0.259 

E 0.179 0.7 0.237 

 

 
(a)                       (b) 

Figure 10. Results of dual-path cross-sectional observations in 
test specimens. (a) Type D; (b) Type E. 

400µm 400µm
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(a)                       (b) 

Figure 11. Magnified images of the fused area between the dual 
paths. Figures in the parenthesis are given G-code distances (mm) 
between the dual paths. (a) Type D (0.64); (b) Type E (0.70). 

 
Examples of the fusion simulations are shown in Figure 12. Figure 12 shows 

the temperature changes during the fusion process for type D. In these simula-
tions, only half of the first path was placed on the left of the nozzle. At t = 419 s, 
the nozzle moved to the right to represent the shrinking nozzle diameter, as 
shown in Figure 9. 

Figure 12(b) shows that heat conduction occurred from the ejected path to 
the first path at the interface between the two paths. Figure 12(c) and Figure 
12(d) show that the fusion process occurred at the interface. However, there was 
no high-temperature area in the first path, except for the interface. The resin 
flowed only around the interface. 

To observe the fused configuration between the two paths, smooth circumscribed 
curves were adopted for this simulation. The results are shown in Figure 13. 

When the spacing between the two paths was small (0.64 mm), an almost per-
fect fusion at the interface was observed in Figure 13(a) (type D). In the expe-
rimental result of type D, however, the second path covered the right part of the 
first path, and the step was made at the top of the fused area. This step was not 
shown in the simulation results. The difference was caused by the experimental 
error in the levelling of the print bed. As the print bed was not perfectly hori-
zontal, there was a gap between the nozzle of the second path and the top of the 
first path. This caused a step in the experimental results. As there was no expe-
rimental error in the simulation, there was no step at the top of the fused area. 

Figure 13(b) shows the results for type E with a larger spacing (0.70 mm) 
between the first and second paths. The simulation result showed that there was 
a small gap at the bottom of the fusion area, and there was no gap at the roof of 
the fusion area. However, there was a gap at the roof of the fusion area and at the 
bottom of the fusion area in the experimental result. As the roof of the first and 
second paths seemed almost at the same height, this did not come from bed le-
velling. In order to investigate the effect of error of spacing between the paths, 
we simulated two more cases: the spacings were 0.72 mm and 0.74 mm. The re-
sults are presented in Figure 14. 

When the spacing was 0.74 mm (Figure 14(b)), the two paths were complete-
ly separated. When the spacing was 0.72 mm (Figure 14(a)), the configuration 

200µm 200µm
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of the fusion area was similar to the experimental result (Figure 13(b)). As the 
published location error of the printer is 0.011 mm, the difference may be due to 
the print path location error of the 3D printer. Considering the error of the ex-
periments, the fusion area configuration showed good agreement with the expe-
rimental results. 

Although the modified MPS method gives excellent results, the limitation of 
the method should be investigated about the particle radius dimension. As the 
experimental data of viscosity change caused by fiber volume fraction was li-
mited to 20% [32], further experiments will be required in future. 

 

 
(a)                                    (b) 

 
(c)                                    (d) 

Figure 12. Simulated results of temperature distribution of type D using MPS method. (a) t = 
0.0 s; (b) t = 140 μs; (c) t = 175 μs; (d) t = 419 μs. 

 

 
(a) 

 
(b) 

Figure 13. Comparison of images at the fusion area between the simulation re-
sults and the experimental results. The left part is the first path, and the right 
part is the second path. (a) Cross-sectional comparison of type D (0.64 mm); (b) 
Cross-sectional comparison of type E (0.70 mm). 

Experiment Simulation

1st path
2nd path

Experiment Simulation

1st path
2nd path
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(a) 

 
(b) 

Figure 14. Magnified simulated results of the 
fusion area between the first path and the 
second path. The left has a spacing of 0.72 mm. 
The right has a spacing of 0.74 mm. (a) 0.72 
mm; (b) 0.74 mm. 

6. Conclusions 

Using composite particles made from short carbon fibre/PA-6 composites, the 
MPS method was adopted to simulate the print path fusion process in an 
FFF-type 3D printer. To prevent large-scale simulations, a new two-dimensional 
nozzle movement simulation that enabled the simulation of nozzle movement in 
an out-of-plane direction was developed. The new method was applied to sin-
gle-path and dual-path simulations. Experiments were performed to compare 
the simulation results. The results obtained are as follows: 

1) The 3D print two-dimensional simulation method was in excellent agree-
ment with the cross-sectional configuration of the single-path printing of short 
carbon fibre/PA-6 composites. 

2) The method was in good agreement with the experimental results of fusion 
of two print paths. This method can be used to simulate print path fusion. 
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