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Abstract

The design of the hot end plays a critical role in additive manufacturing, especially in material extrusion. Yet the melt
flow behavior within the hot end assembly has not been explicitly presented regarding the hot end design. The present
study intends to fill this knowledge gap by employing a two-phase approach to investigate the melt dynamics through
three commercially available hot ends. The hot ends considered are E3D v6 Standard, v6 Gold, and Revo Six, which were
chosen based on brand, design, and functionality. In Phase 1, an experimental apparatus was developed to assess the
impact of feeding rate and extrusion temperature on the outlet temperature, outlet velocity, and under-extrusion per-
centage of extruded polymer. In Phase 2, the polymer flow through each hot end is explored utilizing a computational
fluid dynamics model, which was validated using data obtained in Phase 1. It was determined that the filament feeding
rate is the most influential parameter in polymer extrusion and that Revo Six’s symmetrical design affects the stability of
extrusion. It was also revealed that the thermal evolution of the melted filament within the hot end assembly is directly
affected by the length of the heating region and the polymer’s material properties. The experimental and numerical
procedures developed in this investigation can be useful to 3D printing users and manufacturers in selecting a hot end
assembly based on application requirements.

ArticleHighlights

e The role of hot ends on 3-D printing performance were investigated using three commercially available hot ends
through a combined numerical and experimental investigation.

e Hot end’s heating length and polymer’s properties will determine thermal evolution of the melted filament within
the hot end assembly

e The feed rate strongly impacts the melt front location in hot ends.
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1 Introduction

Material Extrusion (MEX) technique has garnered significant attention in additive manufacturing due to its ease of
use, low cost, and ability to quickly modify the fabrication of complex parts [1]. The quality of MEX printed parts is
often assessed using metrics such as surface finish smoothness, geometrical accuracy, and effective material prop-
erties. However, the quality of a part may depend on parameters such as filament material properties, feeding rate,
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extrusion temperature, and environmental conditions [2]. For example, the temperature and humidity of the printing
environment have been shown to play significant roles in print quality [3].

The hot end assembly (HEA) is a critical component in MEX 3D printers, playing a vital role in the printing pro-
cess. This component is essential for efficient, high-quality MEX printing for a given application. For example, the
HEA is responsible for melting the polymer by maintaining a setpoint temperature as the melted polymer filament
is extruded onto a heated surface [3]. The melting process occurs in the HEA's liquefier and nozzle region, and a
properly maintained temperature in this region ensures the continuous extrusion of material. In contrast, the heat
sink region in the HEA must ensure polymer remains solid before entering the liquefier to prevent jams [4]. Finally,
a lower pressure drop in the nozzle reduces the likelihood of buckling of the feedstock [5].

Due to the difficulty and complex nature of observing the polymer melt flow within the hot end cavity, numerical
modeling has been employed to capture flow phenomena. Pigeonneau et al. developed a CFD model to analyze the
temperature evolution of the filament during the flow through the hot end. They used the measurements obtained by
Peng et al. to validate their simulations and concluded that variable thermal contact would prohibit the polymer from
reaching the temperatures measured by Peng et al. This conclusion is a direct contradiction to the work performed
by Phan et al., who determined that the polymer will never reach the temperature specified by the heated liquefier.
Phan et al. suggested that fouling and or surface irregularities will cause this drop in temperature. Xu et al. furthered
this work by exploring the relationship between polymer flow and viscoelastic stresses, demonstrating that the influ-
ence of the viscoelastic properties during extrusion is more significant than the viscous effect, particularly at faster
extrusion speeds [6]. Pricci et al. extended the above work by incorporating the Cross-WLF rheological model while
Mishra et al. implemented both the improved Cross-WLF viscosity model as well as the variable PVT density model
in their study [7]. The distribution of extrusion parameters such as pressure, temperature, and viscosity inside the
liquefier were compared to predict the steady-state extrusion profile at the outlet of the nozzle. This profile was then
transferred to a strand deposition model to compare the variable viscosity and density model against the constant
property’s models. Mishra et al. concluded that the introduction of the Cross-WLF, PVT, and velocity profile showed
strong correlations to the experimentally determined thermal swelling and contraction that occurs after deposition
by Duty et al.[8].

The experimental assessments of hotend assemblies by manufacturers and companies are typically proprietary
and not shared in published literature. However, the currently practiced HEA calibrations involve a process of printing
a part with various changes in process parameters until a desired result is achieved [9]. Typical parameters analyzed
in calibrations include the extrusion temperature, feed rate, nozzle diameter, filament diameter, and fan cooling
performance. It should be noted that these variables do not consider additional constraints on the system, such
as the 3D printer build quality or the performance of the hardware and software that controls the printing process
(such as sensors or motors). Moreover, there is a lack of systemic and in-depth research on the performance of the
HEA for printing polymer-based components under specified printing conditions such as temperature, feed rate,
relative humidity, etc.

1.1 Motivation and objectives

The popularity of MEX and the significant role of HEA in the printing process requires a systemic and in-depth inves-
tigation of the performance of this vital component. The current effort aims to shed light on the melt flow dynamics
of the hot end and its effects on the material extrusion printing process. More specifically, the present investigation
aims to establish correlations between hot end design and printing stability while accounting for large variations in
printing setups and hardware.

The goal of this study is pursued by employing a combined numerical and experimental investigation of three com-
mercially available hot ends chosen based on brand, design, and functionality. The investigated hot HEAs are E3D (1)
v6 Standard, (2) v6 Gold, and (3) Revo Six. It should be noted that the v6 Standard serves as the baseline for analysis
as it has been the pioneer among the current selection of hot ends. Moreover, the v6 Gold is a modified version of
the v6 Standard with improved thermal stability and manufacturing precision, and the Revo Six has a significantly
distinctive design comparatively due to its cylindrical heating element and interchangeable nozzles. The combina-
tion of all three will serve as the outline for evaluating and investigating the hot end assemblies.

The successful completion of this study should produce a procedure for systemic and comprehensive benchmarking of
the performance of current and future commercially available and future hot-end assemblies. Therefore, the results from
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Fig. 1 Testing apparatus used
for experimental extrusion
studies

Fig.2 av6 Standard hot end JLemperature (€)
during extrusion, b thermal
image of the hot end during
testing
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this work can directly help 3D printer manufacturers enhance their printers’ capabilities, optimize their printer design,
and enhance their printing guidelines for a given application. In the manuscript, the experimental setup in addition to
the theory for setting up the simulation model are discussed. Afterwards, the results and the corresponding analysis is
provided. Finally, the conclusions and future work are listed.

2 Materials and methods
2.1 Experimental setup

A testing apparatus, shown in Fig. 1, was designed and employed in this study to simulate the functionality of a typical
3D printer with modular hot end assembly for easy access and change. This apparatus aimed to control the variability
of parameters of interest while reducing the total number of variables associated with typical desktop 3D printers. The
apparatus consisted of a direct drive (2 gear) extruder with a Bowden tube attached to limit buckling of the feed stock.
Integration between the printer firmware, Marlin [10, 111, and the hardware components of each hot end (thermistor,
heating cartridge, and fans) was performed via the GUI host Pronterface [11].

Infrared (IR) thermal imaging was used to directly observe the filament extruded from the HEA. The Optris X/ thermal
camera was utilized to measure the filament temperature around the surface. The maximum error of the thermal camera
was taken as the manufacturer’s specific uncertainty of + 2 °C [12]. The thermal camera’s emissivity and transmissivity
parameters were verified using a thermocouple and digital multimeter by measuring an object of known temperature
and comparing this value to the thermal camera’s output. The extrusion temperature measurements also consisted of
setting the hot end to the desired extrusion temperature and setting the desired feed rate and filament length through
G-code commands. For each hot end, the temperature was set to 190, 215, and 240 °C, while the feed rate varied from
0.83 to 3.33 mm/s for each extrusion temperature, corresponding to typical MEX printing nominal feed rates of 50 to
200 mm/min. An example of a thermal image taken during extrusion is shown in Fig. 2.

The apparatus was equipped with a Nikon D750 camera for measuring the velocity of the filament exiting the HEA.
The camera was configured to record with a frame rate of 60 fps to obtain the centerline velocity at the nozzle exit. The
image processing was performed via ImageJ by selecting a datum location, specification of the frame rate, and then
calculating the change in position of the filament over the entire extrusion.
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It was also important to consider the auxiliary effects of feed rate and extrusion temperature on the likelihood of
material under-extrusion, caused by the material properties of melted polymers. The under-extrusion percentage (%UE)
is defined by Eq. 1, similar to the study performed by Hermann [9],

w
%UE:(M/"L"’—OMOO 1)

expected

where W, is the measured mass of filament after extrusion. The parameter W,, ., is the expected filament mass
determined by

Wexpected = Qf Pr At (2)

where Q; is the material’s volumetric flow rate, and p; is the filament density assumed to be 0.00124 g/mm3 [13].The
parameter Q; is determined by Eq. 3 where f, (mm/s) is the feed rate, L; (mm) is the length of requested filament, and d;
(mm) is the filament diameter set as 0.4 mm.

Q = f,Led; (3)

2.2 Numerical setup

Computational fluid dynamics (CFD) modeling, based on ANSYS® FLUENT 2020 R1[14], was employed to simulate the
polymer flow inside each hot end assembly with a concerted effort to model each HEA as geometrically accurate as
possible. The CFD models included transient conjugate heat transfer simulation in determining the outlet temperature,
outlet velocity, and the dynamic viscosity of the extruded polymer for comparison of various hot ends. These parameters
were used to describe essential characteristics of the flow, such as the effects of pressure, viscosity, liquefier length, and
the fully melted region. Moreover, the transition from solid to liquid-solid to fully liquid is achieved via the Solidification
and Melting Model in FLUENT.

Figure 3 presents the typical geometry and surface mesh of the polymer flow hot end model, where geometrical
dimensions were obtained from E3D’s website [15]. The fluid domain for each model was captured via volume extrac-
tion in the solid modeler and then coupled with the solid domain via conjugate heat transfer. A structured mesh
(Fig. 3b), using the Multi-Zone Quad/Tri Method, was utilized to maximize the accuracy of the numerical results.
Furthermore, mesh layer inflation was employed to ensure that the higher temperature gradients between the barrel
wall and filament domains were captured.

Fig.3 a Solid model geom-
etry, b surface mesh of the
Revo Six polymer flow model

ANSYS

2020 R1

@ Discover



Discover Applied Sciences (2024) 6:213 | https://doi.org/10.1007/s42452-024-05884-4 Research

Fig. 4 Nodal temperatures Temperature Profile (0.4 mm Offset)
along the filament diameter 0.20 r 4 —
for various mesh qualities ot
~ 015 | o
T;f 0.10 °
£ 005 | ¢
a 4 ® Coarse
5 ° Medium
Z 000 ° .
= Fine
= L)
2-0.05 °
_q L ]
< °
é 0.10 -t .
7 °
=}
015 o
Y
-0.20 o —
180 185 190 195 200 205
Temperature (C)
Table 1 Properties of PLA - - -
Thermal properties Rheological properties
used for the numerical prop gica’prop
simulations [17] P 1122.80 kg/m? T+ 129,000 Pa
Cp 2140 J/kg K n 0.3846
k 0.180 W/m K D, 2.05x107 Pa's
A, 16.71
T* 373.15K
A, 51.60 K

A grid refinement study was performed to obtain a mesh-independent solution using three meshes of varying
refinement and the melt (temperature) profiles near the outlet as the objective variable. The three mesh with a total
mesh count of 3 x 10° elements (Coarse), 5 x 10° elements (Medium) and 7 x 10° elements (Fine) were generated
using similar mesh settings. Figure 4 presents the grid independence study results, indicating a consistent tempera-
ture profile for Medium and Fine meshes. Based on the grid independence study, the Medium mesh was chosen for
further investigation due to its lower run time and no significant degree of error.

The inlet boundary condition in these simulations was inlet velocity, corresponding to the requested feeding rates,
with specified temperature. The inlet temperature was set at slightly above the Polylactic acid (PLA) glass transition
temperature of 60 °C ensuring polymer melt enters the domain as fluid and above its glass transition temperature
[16]. The outlet pressure set at ambient pressure was used for the outlet boundary condition for all cases. Walls were
treated with a zero-slip condition based on a similar assumption by Mishra et al. that the polymer enters the domain
in a fully liquid state [17]. Furthermore, variable thermal contact between the filament surface and various HEA
walls (heating cartridge and hot end liquefier) was employed to increase accuracy based on previous studies [18].
The temperature of the heating cartridge for each hot end was governed by a volumetric heat flux energy source
term, which was validated using the temperature vs. time curves of each hot end assembly when set to a specific
extrusion temperature.

For the Solidification and Melting Model, the density of the PLA was assumed constant when at the solidus tem-
perature, whereas the density was varied with the PVT model at the liquidus temperature. The solidus and liquidus
temperatures for PLA were assumed at 140 °C (413 K) and 155 °C (428 K), respectively [1]. Finally, the latent heat of fusion
L was assumed to be 0.001 J/kg to predict the liquid-fraction evolution during the melting. Finally, fluid viscosity was
modeled using the Cross-WLF viscosity model. A user-defined function was implemented into the solver to compute
cell temperature and the shear rate at each time step. Material property assumptions and fitting parameters for PLA are
summarized in Table 1.
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3 Results
3.1 Experimental results

Figure 5 presents the temperature of the extruded polymer over time for all three hot ends with the specified extrusion
temperature set at 190 °C at a feed rate of 0.83 mm/s (50 mm/min), simulating a slow printing scenario. The lower control
limit (LCL) is plotted as the dotted line in Fig. 5. LCL is defined as the temperature point where observable slippage of the
extruder pinch-rollers was observed, causing under-extrusion of the filament. It is important to note that the fluctuations
from the setpoint temperature may be a result of PID control and thermal imaging accuracy and measurement variation.

While some temperature variation was observed at the 0.83 mm/s (50 mm/min) feed rate, this variation was
significantly higher at the high flow rate speed scenario of 3.33 mm/s (200 mm/min), as demonstrated in Fig. 6. Fig-
ures 5 and 6, considered together, indicate that the relatively stable temperature profile of the v6 Gold resulted in
stable extrusions. Conversely, the temperature fluctuations during the extrusions with the v6 Standard and Revo Six
caused significant under-extrusion of material. Importantly, the v6 Standard experienced two under-extrusion events,
whereas the Revo Six experienced one. The under-extrusions occurring at the higher feed rates may have caused
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the under-melting of the polymer resulting in increased viscosity. This increase in viscosity can directly increase the
pressure in the hot end barrel, causing the extruder pinch-rollers to slip.

It is evident in Fig. 7 that the measured outlet velocity increases with higher extrusion temperatures, which may
be due to the polymer becoming less viscous at higher temperatures. However, and more importantly, Fig. 7 results
indicate that temperature variation has a higher impact on deposition velocity as the feed rate increases. At the low-
est feed rate, the measured outlet velocity is comparable to the expected velocity. However, the measured outlet
velocity is lower than the expected value at higher feed rates, and this difference is greater at lower set temperatures.
Therefore, it can be argued that the deposition velocity could vary due to thermal fluctuations as the printer nozzle
moves along the printing substrate. This finding is important as velocity variation has been shown to result in non-
uniform melt deposition [17].

The impact of the extrusion temperature on the amount of polymer extruded was investigated on the v6 Standard
by varying the set temperature as the filament feed rate changed. In this measurement, the feed rate ranged from
0.2 to 3 mm/s with the extrusion temperature set at 190 °C, 215 °C, and 240 °C. As presented in Fig. 8, the extrusion
temperature is shown to directly affect the amount of under-extruded material. Furthermore, the amount of under-
extrusion is larger at higher feed rates due to the feeding force causing more extruder slippage. It should be noted
that each data point shown in Fig. 8 is an average weight of three filament samples and that the error bars account
for a measurement error of 2%.

The role of hot end design on under-extrusion percentage was investigated at the nominal extrusion temperature
of 215 °C. The result of this investigation is presented in Fig. 9, indicating that the amount of under-extrusion for all
three hot ends remains similar up to 1.8 mm/s (108 mm/min). However, the hot ends performed differently at higher
feed rates. The v6 Gold performed the best with the least under-extrusion, while the v6 Standard under-extruded by
nearly 40% at the highest feed rate.
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3.2 Numerical results

The computational efforts undertaken in this study were developed to help understand the underlying reasons for the
performance of hot ends, which were obtained in the experimental phase of the investigation. The melt evolution inside
each hot end was the primary focus of these CFD models. The baseline polymer flow CFD model was validated using
experimentally acquired average exit temperature (on the filament surface) and average outlet velocity. Results presented
in Fig. 10 indicate both the measured outlet velocity and temperature followed trends similar to the simulation. Error
bars represent a percentage measurement deviation associated with both the thermal imaging camera and the NIKON
camera. All three hot end models were validated similarly, demonstrating comparable results.

The initial objective of the numerical effort was to determine if the filament exiting the hot ends reached the set
extrusion temperatures. Figure 11 shows the temperature difference (AT) between the polymer set extrusion tem-
perature (T,,,) and the predicted exit temperature (T,,,) at varying feed rates for various set temperatures. Defined as
AT =T, — T, this temperature differential is only a few degrees at lower feed rates for all hot ends. However, the
difference is exacerbated at higher feed rates and reaching to 40 to 60 °C range at 3.5mm/s feed rate. The v6 Standard
consistently demonstrated the worst performance compared to the others. Conversely, Revo Six showed slightly better
capabilities to produce a higher outlet temperature, which may be attributed to its longer liquefier section and cylindri-
cal shape heating cartridge.

The Revo Six's cylindrical heating block (cartridge) design may be responsible for the more uniform temperature
distribution of the melted polymer resulting in the lower temperature differential. The temperature distribution in
the heating block of the v6 Standard and Revo Six set for an extrusion temperature of 215 °C and feeding rate of
1.67 mm/s are illustrated in Fig. 12. Figure 13 presents the filament’s temperature contours at the nozzle outlet cross-
section for the same simulation case. In these plots, Revo Six shows a more axisymmetric temperature distribution

Fig. 10 Validation data for 250 120
the v6 Standard polymer flow

model. Note: All values are
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uncertainty associated with
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with a more uniform core due to its cylindrical heating block, “HeaterCore." Specifically, Revo Six's cylindrical design
allowed for more uniform heating and increased temperature at its lowest point (210 °C). Conversely, the significant
temperature variation in the heating block of v6 Standard and Gold (not shown) can be attributed to the block's
asymmetrical design, which further emphasizes the heating block's significant impact on the filament's melt profile.

The disparity between the extrusion set temperature and the filament’s outlet temperature was further investi-
gated by examining the effects of the feed rate and extrusion temperature on the melt front of the polymer inside
the hot end barrel. The melt front is defined here as the axial distance measured from the nozzle’inlet to the location
where the polymer is fully melted beyond the glass transition region (taken as 60 °C) and has reached a liquid fraction
of 1.0 (Fig. 14). In polymer extrusion cases, it has been studied that a varying melt front can impact the deposition pro-
cess that may cause plugged flow in the nozzle, and possible increased likelihood of under-extrusion of material [16].

Similar to the study by Ufodike and Nzebuka [19], the melt front in each simulation case was tracked by observ-
ing the solidification and melting front of the fluid using an enthalpy-porosity formulation. In this approach, the
liquid-solid “mushy zone” was treated as a porous zone with porosity equal to the liquid fraction of PLA [14]. Fur-
thermore, appropriate momentum sink terms were added to the momentum equations to account for the pressure
drop caused by the presence of solid material [14].
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The melt front for each hot end was studied for a full range of feed rates and extrusion set temperatures and presented
in Fig. 15. In this figure, additional extrusion temperatures are provided for v6 Standard for more details but are omitted
for other hot ends for clarity. It is evidenced by the results presented in Fig. 15 that feed rate is the dominating process
parameter impacting the melt front location in each hot end, as this location varied by nearly 2 mm as the feed rate
increased by 0.83 mm/s (50 mm/min). Additionally, the v6 Standard’s melt front location decreased by nearly 1 mm with
every 10°Cincrease in the extrusion temperature. However, the results indicate that the v6 Gold and Revo Six were able
to heat up the filament to fully melt condition at shorter liquefier distances compared to the v6 Standard. The difference
in melt front locations for v6 Standard and Revo Six is approximately 3 mm for PLA nominal printing conditions of 215°C
temperature and 1.67 mm/s (100 mm/min) feed rate.

Previous studies have suggested that non-uniform nozzle outlet velocity and thermal profiles with steeper slopes
adversely affect filament deposition [17, 18]. Therefore, these profiles for each hot end were examined at the PLA nominal
printing conditions, with a summary of results presented in Fig. 16. Comparable to the previous studies [8, 17-19], the
results of the present study indicated parabolic profiles for the temperature and velocity at the nozzle exit with minimum
temperature and maximum velocity at the centerline. Moreover, the temperature gradient for the v6 Standard is shown
to be larger and asymmetrical compared to the Revo Six, consistent with previously discussed results. On the other hand,
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Fig. 15 Melt front locations for various feed rates and extrusion temperatures
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Fig. 16 aTemperature and b velocity profiles for nominal printing conditions

CFD results predicted (not shown here) that the v6 Gold exhibited a noticeably higher peak axial velocity that is 3.5 mm/s
and 6 mm/s faster than the Revo Six and v6 Standard, respectively.

Because of the temperature dependency on the viscosity of PLA, the temperature differences between each liquefier
design affect the melt dynamics of the polymer. Specifically, given that the Revo Six heated the polymer more efficiently,
the polymer viscosity at the outlet, n, was found to be approximately 300 Pa s. In contrast, the outlet viscosity for the
v6 Standard was nearly 350 Pa s, a difference of 15.3%. The velocity profiles in Fig. 16b indicate that this variation in the
polymer viscosity between each HEA affected the exit velocity profiles considerably. Given the profiles presented in
Fig. 16b, it is important to comment on the relation between printhead speed and extrusion speed. This relation can be
characterized by the velocity ratio, V,,; /V,,,inr, Where V,, . is the peak axial velocity of the polymer and V,,;,, is the trans-
lational speed of the printhead. Previous analysis performed by Gosset et al. has shown that the strand morphology is
greatly affected for velocity ratios less than 1.0 (V <V ) [20]. That is, less polymer is being extruded than the printed

out print
model required. Conversely, for velocity ratios greater than 1.0(V,,; >V, ), over-extrusion of extruded polymer is likely.

out

Based on the above-mentioned study, and an enhanced understanding of the melt dynamics of various hot end
models, we have investigated the effect of layer height based on a given feed rate, extrusion temperature, and hotend
model on dimensional inconsistencies in the deposited strands. While previous efforts have endeavored to improve
upon the accuracy of polymer deposition modeling, they all omit an accurate solid model for the hot end assembly [8,
21-24]. While Serdeczny et al. developed a generalized model to predict the variation in single-strand cross-sectional
shapes for various velocity ratios and layer heights, the model was assumed to be isothermal, with constant density
and constant viscosity [18]. Mishra et al. proved that the introduction of both a pressure-volume-temperature variable
density model, and the Cross-WLF viscosity model improved the accuracy of the predicted cross-sectional areas of the
deposited strands [17]. However, the model incorporated by Hutchinson [25], which is used in this study, employs both
the work performed by Serdeczny et al. as well as the improved model by Mishra et al. to predict the varying strand
cross-sections. In order to apply the temperature and velocity profiles in a practical manner, the hot end flow model
was extended to include the deposition of melted filament onto a heated printing substrate. Hutchinson’s model [25]
explores the implementation of this Volume-of-Fluid (VOF) multiphase model by applying the temperature and velocity
profiles as inlet boundary conditions predicted in the hot end flow model. Figure 17 illustrates the boundary conditions
and strand deposition predicted by the multiphase model. While symmetry was assumed by Serdeczny, M. P.[18], it was
not imposed in this model to capture the asymmetry in the deposited strands’ transverse areas. Finally, a mesh refine-
ment study was was performed to obtain grid-independent solutions by assessing the convergence of the calculated
cross-sectional areas for each deposited strand.

Each cross-section plotted in Fig. 18 was simulated at nominal printing conditions of 215 °C and 100 mm/min for
extrusion temperature and feed rate, respectively. All other parameters remained the same for each hot end.

It is apparent that the printed strands exhibit varying dimensional inconsistencies, which can be attributed to
the unique velocity and temperature profiles of each hot end established in Fig. 16a, b. Consequently, the predicted
variation in the transverse areas of the deposited strands can be used to improve the optimization of slicing software
to predict inaccuracies with 3D printing slicers. Specifically, real-time nozzle positional compensation for material
distortion caused by both the cooling of the material, as well as the heat transfer between adjacent strands. Moreover,
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Fig. 17 Strand deposition
model developed by Serdec-
zny, M. P.[18] and explored by
Hutchinson [25] where V_s is
the printhead speed, and L_H
is the layer height
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Fig. 18 Transverse strand areas 2 mm from the nozzle outlet for a feed rate of 100 mm/min and an extrusion temperature of 215 °C

Fig. 19 Pressure drop versus 25
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adjustment of the filament deposition to aid in overlapping or spacing issues—including adaptive layer height and
overhang distances based on the transverse area of the strands.

In various 3D printing applications, it may be necessary to utilize finer strand widths to garner higher degrees of
accuracy for a specific print. As a result, by combining smaller strand layer heights and reducing the nozzle diameter,
the porosity and bond line densities for various 3D printed cross sections will improve dramatically [18]. In refer-
ence to Fig. 19, as the nozzle diameter changes, the pressure drop from the inlet to the outlet of the liquefier region
varies tremendously. It is also important to note from the figure that there is minimal variation in the pressure drop
between hot end designs, implying that the overall filament temperature is dominated by the outlet diameter with
respect to its effect on the pressure drop. In generality, this result can be employed to further describe a hypothetical
maximum feed rate, as a higher pressure will cause slipping or buckling of the filament in the extruder. This higher
pressure will also result in a deviation in the filament temperature, as the slippage will reduce the flow of material
through the nozzle, causing uneven heating.
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It should also be mentioned that although this work was focused on one polymer, there are studies done that has
looked into the effective material properties of 3D printed parts for different polymers such as ABS, PLA, or PETG [26].
In this study, authors have studied the effect of temperature on FDM 3D printing polymers which can broaden the
knowledge in the field. Additionally, it should be noted that energy consumption in the FDM 3D printing is a concern.
There are various efforts in the field on the same line to optimize those as well. These are more important now that
our work is suggesting different temperatures for hotends. Based on the work done by Harding O. J. et al., it is shown
that heated bed insulation did not provide exceptional power consumption saving [27]. The hotend insulation was
more distinct, and enclosure insulation findings show there will be increased savings with build times above two
hours. Additionally, it was found that modifying print parameters with the goal of saving energy can help the power
consumption but the physical modification of the hotend design has not been a successful approach in the field [27].

4 Conclusions

The present study used combined experimental and numerical investigations to focus on the melt flow dynamics through
MEX 3D printers’ hot ends. Three commercially available and widely used hot ends were considered to understand the
role of hot ends on printing performance. Through robust experiments, it was shown that the temperature fluctuations
during the extrusions caused more under-extrusion of material for the v6 Standard and Revo Six, whereas the v6 Gold
produced more favorable results. At higher feed rates, these temperature variations impacted the deposition velocity,
causing non-uniform melt deposition and notable under extrusion. Using v6 Standard as the baseline, it was found that
the extrusion temperature directly affected the amount of under-extruded material, with larger under-extrusion at higher
feed rates, due to more extruder slippage. In this study, the v6 Gold performed the best among the three hot ends with
the least under-extrusion, while the v6 Standard under-extruded by nearly 40% at the highest feed rate. Therefore, the
theoretical and experimental findings of this study can be directly used for 3D printing end-users: (1) the key factor in
defining the under-extrusion in a hot end is the extrusion temperature, (2) there is a higher chance of under-extrusion
at higher feed rates, and (3) v6 Gold or similar hot end models will have minimum under-extrusion.

The extrusion temperature and velocity were further investigated through CFD modeling. The difference between
set extrusion and predicted outlet temperatures was significant for all three hot ends at higher feed rates, reaching
40 to 60 °C at 3.5mm/s feed rate. While v6 Standard consistently demonstrated the worst performance, Revo Six
showed better capabilities to produce a higher outlet temperature due to its longer liquefier section and cylindri-
cally shaped heating block. Furthermore, the melt front for each hot end was studied for a full range of feed rates
and extrusion set temperatures, and feed rate was found to be the dominating process parameter impacting the
melt front location in each hot end.

1. The experimental procedure and computational modeling developed in this study can provide a template for sys-
temic and comprehensive benchmarking of current and future hot-end assemblies. Furthermore, the results from
this work can directly help 3D printer manufacturers enhance their printers’' capabilities and optimize their printer
design. The single-strand deposition model can be extended to incorporate multiple strands deposited adjacently,
at varying layer heights and distances to explore the aforementioned effects on the strand cross-sectional areas. The
effect of printing speed and feed rate can be further explored to characterize the impact of the velocity ratio (feed
rate/printhead speed) on the cross-sectional geometries for various hot ends. Finally, a connection can be made
between common 3D printer settings such as wall thickness, infill density and substrate temperature to assist in
the slicing process when choosing a particular 3D printer and hot end assembly. In summary, the findings of this
work can be defined as:

i. Temperature versus Under-extrusion Extrusion temperature significantly influences under-extrusion, impacting print
quality.

ii. Feed rate and Under-extrusion Higher feed rates correlate with increased under-extrusion, affecting print consist-
ency.

iii. Hotend performance variation Different hot end models exhibit varying levels of under-extrusion, emphasizing the

importance of selecting the right model for optimal printing. Query ID="Q3" Text="Author contribution is manda-
tory for publication in this journal. Please provide the statement."
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