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Abstract. 3D finite element simulation of a FDM printer nozzle region was performed using
COMSOL Multiphysics software. The polymer exiting the nozzle of the FDM printer was
also included in the simulation in order to capture the dimensional behavior of the polymer.
The domain of the simulation consisted of a nozzle, printer table, and the surrounding air. In
the simulation, mass and momentum equations were solved to determine the non-Newtonian
flow characteristics of the polymer. The interface between the polymer and ambient air was
modelled using the level set method. Experiments were conducted to validate the numerical
results. One experimental specimen with 30 strips was printed using a 3D printer. In the CAD
model of the specimen, each strip had the same width as the nozzle diameter. While printing,
it was ensured that the nozzle had only one continuous vertical movement to print each strip.
The printed strips were measured with a caliper at five different locations. The difference
between the numerical and experimental results of strip width were less than 10%. The
developed model provided information about the transient shape of the polymer extrudate and
can be used to predict the dimensional accuracy of the FDM-printed parts.

1 INTRODUCTION

Additive manufacturing methods, also known as 3D printing, have the advantage of
manufacturing complex geometries [1]. Out of various types of additive manufacturing
techniques, Fused Deposition Modelling (FDM) is perhaps the most popular when low-cost is
important [2]. In FDM, a structure is built layer by layer by discharging a stream of material
from a nozzle. Even though thermoplastics have been commonly used for FDM process [3],
other materials such as fiber-reinforced polymers [4], bio-degradable materials [5], ceramic
[6], and concrete [7] are also available.

FDM is a rapidly progressing branch of additive manufacturing. Researchers have
conducted several experimental studies to improve the process of FDM and part quality [8].
The investigated parameters have generally been layer thickness and orientation, infill type
and rate, extrusion angle, and nozzle diameter [9]. The quality of FDM parts also depends on
extrusion temperature and feed rate [10]. These parameters have an effect on residual stresses,
shrinkage and bonding quality [11-13]. Due to the vast number of process parameters, many
studies have been focused on finding optimal settings for manufacturing time, surface quality,
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dimensional tolerances, and mechanical strength [1, 14-16].

In recent years, researchers have paid more attention to the numerical simulations of FDM
process. Initial attempts were focused on the thermomechanical simulations of the final part in
order to determine the characteristics of shrinkage, warpage, residual stresses, and potential
crack initiation locations [17-19]. Current numerical studies are based on three dimensional
CFD simulations. Non-isothermal and non-Newtonian flow, cooling, and solidification of
polymer were simulated in a FDM process [20, 21]. Viscoelastic stresses were included in the
model later [22]. An isothermal and Newtonian model was developed to simulate the
deposition of polymer on a moving plane [23] and the model was validated with experiments
[24]. It was found that the shape of extrudate changed from circle to rectangle as the gap
height to velocity ratio decreased. Successive deposition of extrudate layer simulations
showed that the layer thickness and distance between extrudates influenced the previous
extrudate shape and pore formation [25]. In these numerical models, polymer was assumed to
be discharged from a cylindrical volume.

In this work, the nozzle region of a FDM printer was simulated using finite element
method. The simulations included the nozzle with a flow channel, printer table, and the air
surrounding the nozzle region. Level set method was used to predict the shape of the polymer
discharged from the nozzle. The polymer/printer table contact was also considered in the
simulations. Non-Newtonian characteristics of the polymer was taken into account for
predictions. An experimental sample was printed to validate the numerical simulations.

2 EXPERIMENTAL METHOD

ABS filament was used to perform experiments at nozzle temperature of 220°C and feed
rate of 40 mm/s. Two rows and 15 columns of strips with dimensions of 0.4 mm width and
height were printed on a 0.1 mm thick base. The dimensions of the printed sample are shown
in Fig. 1.
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Figure 1: A schematic of the sample with dimensions

The diameter of the nozzle was 0.4 mm which was the same as the strip width on CAD
data supplied to the slicer software. One continuous vertical movement of the nozzle was
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enforced to print each strip. Experiment was performed at a printer temperature of 80°C. Each
strip was measured at five positions to compare the experimental data with the numerical
results.

3 NUMERICAL METHOD

The discharge and the deposition of ABS polymer on printer table were simulated using
COMSOL Multiphysics 5.4 software. The cross-section of the 3D domain is shown in Fig. 2.
The domain included the flow channel, nozzle, printer table, and the surrounding air. The
molten polymer entered the flow channel from the inlet. The nozzle tip was located 0.2 mm
above the printer table. This value was the same as the layer thickness in the experiment. The
flow was defined as fully developed at the inlet, and the average velocity was calculated
based on the experimental feed rate of 40 mm/s. The average velocity at the entrance was
increased from zero to steady-state in one second. The printer table velocity in the vicinity of
polymer deposition was set to feed rate speed in order to convey the extruded polymer
towards the outlet. No slip condition was enforced on the nozzle/polymer boundaries. The
simulation was performed for a period of time taken to print one strip.

/ Inlet
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Figure 2: The cross-section of the 3D domain

The continuity and momentum equations were solved to simulate the polymer flow and
deposition. The effect of temperature was not taken into account in this study. The shear rate
dependence of polymer shear viscosity was modelled using Cross [26] model (Eq. 1).
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where 7, is the zero-shear viscosity, 7 is the shear rate, and 7~ and » are material-dependent

=

constants. These material constants and material properties such as density, heat capacity, and
thermal conductivity were obtained from the literature [27] and are presented in Table 1.

Besides solving the continuity and momentum equations, one transport equation was also
solved to determine the interface between the polymer and ambient air using level set method.
In level set method, level set function (¢) represents the interface between two domains. The
value of ¢ varies from zero to one indicating the transition from one domain to the other. In
this study, ¢ = 0.5 was used to define the polymer/air interface.
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Table 1: Material parameters used in the numerical simulation

Heat Thermal
Density  Capacity = Conductivity T* n
(griem’) (J/(kgK))  (W/(mK)) (Pa)
ABS 1040 2345 0.18 2.90x10*  0.33

4 RESULTS AND DISCUSSIONS

The experimental measurements obtained from the ABS sample printed at 40 mm/s are
shown in Fig. 3. The average of measured strip width at five locations varied between 0.41
and 0.46 mm. The overall average of strip width was calculated as 0.430 mm indicating a
difference of 7.5% compared to the nominal width of 0.4 mm. Figure 3 shows that the
measured width had the tendency to increase along the printing direction. This characteristic
may be due to the control algorithm of the nozzle and feed rate. Prior to printing, the polymer
and the nozzle are generally at rest. While the nozzle accelerates to the steady state velocity,
the filament is also pushed into the nozzle to supply the required material. The control of

these two parameters will affect the amount of material discharged from the nozzle per unit
time.
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Figure 3: Measured strip width of ABS sample at five separate positions along the strip

The simulation result of polymer flow and deposition on printer table at 40 mm/s is
presented in Fig. 4. The deposited ABS was conveyed along the z-axis. The extrudate shape
away from the nozzle exit was dome-like. However, a barrel-like shape was observed near the
nozzle exit. Previous experimental and numerical study suggested a barrel-like cross-section
when the layer height is relatively small [24]. It is also evident that some of the polymer
escalated on the nozzle surface facing towards the deposited material. The amount of polymer
elevation is shown in Fig. 5 (z=0.5). The cross-section of polymer/air interface started as a
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rectangular shape at the discharge and converted into a dome shape right after. The height of
the strip increased above 0.3 mm and then decreased as low as 0.1 mm. The linear decrease of
strip height beyond z=2 mm was expected and it was due to the transient increase of feed rate
during the first 1 s.

Figure 4: Predicted ABS deposition on printer table at 40 mm/s during 0.7 s.
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Figure 5: The cross-section of polymer/air interface along the printing direction at 0.7 s.
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The mean strip width from the numerical simulations was 0.371 mm which was
moderately lower than the experimental result of 0.430 mm. Once the steady state was
reached after a period of 1 s, the strip width was essentially the same at measurement
locations. Even though 0.441 mm strip width was obtained at a distance of z=0.5 mm, both
the strip width and height were instantly decreased to lower values at z=2 mm. The reason for
this shape change may be due to the lack of temperature dependency of shear viscosity. Shear
viscosity of polymers decreases drastically with temperature especially when the temperature
is below the glass transition temperature. The experimental printer temperature was 80°C
which was lower than the glass transition temperature of ABS. Once the non-isothermal
simulations are performed, the polymer touching the printer table is expected to have much
higher shear viscosity which will limit the deformation of the polymer.

S CONCLUSIONS

- Three-dimensional finite element simulations of polymer flow and deposition on
printer table were performed. The simulations included the non-Newtonian
characteristics of the polymer shear viscosity. The polymer/air interface was
determined using the level set method. Experimental sample was printed to validate
the numerical model.

- The shape of the strip changed from rectangular shape to dome shape right after the
nozzle tip. The numerical result was 13.7% lower than that of the experimental result.
Non-isothermal effects were not included in the model. Particularly, updating the
model with temperature dependency of the shear viscosity is expected to improve the
predictions.

- The developed numerical model can be used to understand the relationship between
process parameters and the dimensional accuracy of FDM-printed parts. Further
improvements can be implemented to reduce the discrepancies between the
experimental and numerical results.
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