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Abstract

Nowadays, 3D printing Fused Filament Fabrication (FFF) currently presents obstacles to achieve high printing speeds, mainly due to
the inability of the hotend to process the filament fast enough. This article presents the results of the thermodynamic flow analysis
carried out on commercial designs of hotends, in the aim intending to identify the design parameters with a higher incidence in the
mass flow of material output, so therefore, in the speed and quality of printing. Finite elements thermal analysis was carried out
performed in order to characterize the effect of the materials and geometric design elements of the hotends. In this analysis the
behavior of the commercial, the commercial melters' behavior and the effects caused by the changes in geometry and materials were

obtained. The control variables were the chamber volume and the glass transition volume of each model. These results will be used

as the design criteria of a new hotend.
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1 Introduction
Among the best known 3D printing techniques is FFF
(Manufacture with Molten Filament), which consists of
heating a plastic filament, PLA, ABS, or other thermo-
plastic polymer and extruding it through a nozzle to form,
layer by layer, the object to be constructed. Rapid prototyp-
ing by FFF has several advantages over other techniques,
such as the fact that it is a low-cost 3D printing technique,
easy to build and operate, and prototyping gets done very
quickly. 3D printers can be the subject of a complete design
since their non-profit origin makes them lack optimization
and precision in some aspects [1]. A fundamental element
of the printer and determining when it comes to printing
quality is the extruder since it takes the filament from the
coil, melts it, and deposits it on the printing surface pre-
cisely and according to the printing parameters that the
printer reads. These consist, independently of the mate-
rial transport system, of four indispensable components:
the filament guide, the hot block, the nozzle, and the heat
sink (Fig. 1), which together are known as the hotend.

The nozzle defines the output diameter of the molten
material, and therefore the width of each layer in the con-
struction process and its temperature must be constant

to ensure a correct flow of the material. This temperature
is achieved through the conduction of heat from the hot
block, which has an electrical resistance on which the ther-
mal input power to the hotend is controlled. Besides, the
hot block incorporates a temperature sensor that allows
its monitoring and control. The other upper components
of the hotend are designed to reduce heat losses through
them [2]. Some extruders incorporate a heat barrier, in a
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material of low thermal conductivity to reduce the flow of
the same towards the top. In most designs, at the top of the
hotend is an aluminum heat sink and even with forced ven-
tilation through a fan that allows control of the maximum
temperature of the hotend.

Temperature control of the hotend is essential to main-
tain print quality. A strong fluctuation can generate block-
ages in the hotend, therefore discontinuities in the material
flow that affect the quality of the parts manufactured [3].
It is also imperative to reduce heat losses from the hot
block to the top of the extruder in order to reduce the
power consumption of the heating resistance and to avoid
deformations in the plastic parts, usually printed from the
extrusion block, which may begin to appear if subjected to
temperatures greater than 35 °C [4].

Thus, the analysis and understanding of the ther-
mal response of the hotend are essential to propose
an improvement and optimization of the design of the
hotend, which allows improving its performance char-
acteristics: printing speed and operation at higher tem-
peratures, which will allow this manufacturing technique
to be used in other applications.

Few studies have tried to analyze the thermal behavior
of the hotend and optimize its design. In the revised liter-
ature, there are researches [5-7], which have developed
finite element analysis models to understand the effect of
the geometric parameters of the hotend in mechanical vari-
ables of the printing process, such as the pressure drop of the
molten material, the material flow and the layer thickness.
The results reported by these authors indicate a high rela-
tionship between the geometry of the printing nozzle and
printing quality. In addition, they indicate that a fundamen-
tal component that determines the extruder's thermal behav-
ior is the heat-breaker present in some analyzed designs.

In 2015, Jerez-Mesa and his research team addressed the
design of an extruder for Open source 3D printers using
finite element analysis to test their thermal performance [1].
In 2016, they found out the influence of the airflow gen-
erated by a fan coupled to the extruder on the heat trans-
fer mechanisms during the printing process [8]. Also sup-
ported by finite element analysis, this same team carried out
a similar work [2] addressed in this article because they car-
ried out the analysis of three extruders, one commercial and
two authentic designs. However, in this case, the method of
analysis was experimental using thermocouples.

On the other hand, in [9], they focused on how the
geometry of the heat sink affects the cooling perfor-
mance, and in [10] they focused on analyzing the effect of

the geometry of the forced ventilation nozzle, on the heat
distribution at the hotend. However, both documents limit
themselves to identifying the best performing models
without clarifying the technical reasons why this occurs.

It is valuable to note that, in the revised documents,
when the glass transition temperature (zg) is mentioned,
it is in order to characterize some thermoplastic material,
but far from being a simple characteristic of the materials,
is an element that gives rise to a design criterion that was
found to be indispensable, called glass transition volume.

This article presents a finite element analysis of the
thermal behavior of three of the most used commercial
hotends in low-cost 3D printing, intending to identify the
design features with the most significant impact on the
quality and speed of printing that will allow proposing
an improved own design later on.

The Jerez-Mesa team [1, 2] presents a strategy for the
development of hotend (liquidizers) based on the genera-
tion of design proposals and, subsequently, the comparison
of performance with commercial models. In contrast, this
article proposes an opposite strategy, in which the design
criteria are obtained through an analysis of commercial
extruders and contributions made by other in order to
establish restrictions, parameters, and variables that will
allow in the next stage, the development of a new hotend
that will overcome the deficiencies and limitations of the
currently available models.

2 Methodology

2.1 Selection of models to be analyzed

The selection of commercial models of 3D printing hotend
s for the realization of thermal simulations was made
mainly under the following parameters:

» Compatibility with the most accepted and distributed
3D printers in the world such as the Prusa i3 and all
other printers of the family Reprap, Creality, Anet,
Lulzbot, Printbot, Wanhao, Tevo, among others.

e Availability in the local market.

» User reviews on major community websites dedicated
to 3D printing such as all3dp.com [11], matterhackers.
com [12], 3dsourced.com [13], and reprap.org [14].

Under these conditions, the following models were

selected:

* ED3v6: It is practically the standard model of hotend
made entirely of metal in the market. It has a simple
design that makes it easy to reproduce, so hundreds of
clones are available, making it also economical. In the



communities, forums and rankings appear in the first
places. It is modular, meaning that the heat sink, fil-
ament guide, nozzle, and hot block are independent.

* Mk8: Its design has allowed a high acceptance
in the last year. It has been replacing the model
Ed3v6 in many printers produced massively like the
Anet and the Prusa because it consists of only three
parts: the filament guide, the hot block, and the noz-
zle. At the same time, the heat sink is the support of
the transport engine, making its manufacture very
fast and economical.

* B3 innovations Pico: It has a design that presents
a single exterior body (Heat-Block, Heat Sink, and
Heater Block) as a single unit piece, made of stain-
less steel. The Pico design features a cylindrical
geometry throughout its body, significantly improv-
ing heat distribution throughout it.

2.2 Digital models

The hotend was digitally recreated through CAD soft-
ware; the original designs were modified using the other
models’ characteristics to clearly identify the influence of
these characteristics on the hotend’s thermal behavior.

In general, any hotend model follows the same scheme,
as shown in Fig. 1. However, they have distinctive features
outside the dimensions and materials. The most import-
ant being a narrowing of the filament guide diameter just
before the hot block, which is known as a heat-breaker.
This narrowing decreases the heat conduction to the top of
the heatsink hotend [9], mainly for a fully metallic hotend.
The benefits and disadvantages caused by this feature will
be discussed in the results.

Another distinctive design element is the presence
of heat-dissipating fins, usually part of a body indepen-
dent of the filament guide, but this is fixed in the middle
through a thread.

2.3 Simulation
Initially, the finite element simulation software was pow-
ered by loading the geometries of the components of
each model, then the materials corresponding to the parts
were assigned, and the meshing process was done, which
is to divide the object into a finite number of elements,
where the size of each link depends on the desired degree
of precision of the simulation, after which the following
conditions were assigned:
» Convection with the environment, where the mate-
rial surrounding each hotend was assigned air at a
temperature of 25 °C.
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* The thermal load was assigned a nominal power of
40 Watt to an element inserted into the hot block
since it is the power that the vast majority of printers
can supply, and limiting the maximum temperature
to 245 °C according to Table 1, corresponding to the
maximum melting temperature of the ABS.

Finally, the thermal couplings between components
were carried out by contact and by radiation and convec-
tion as well, depending on the case. Then, the simulations
for each model were executed individually.

The results of simulations; based on the most demanding
common material characteristics, ABS, were then verified.
All material between the minimum melting temperature and
the glass transition temperature is at an undesired tempera-
ture because it is in a state that is neither liquid nor solid.
This scenario is known as glass transition volume. It is a pri-
mary cause of problems at the moment of printing as it pre-
vents the solid filament from acting as a piston to push the
molten filament, causing blockages, material recoveries, and
the inability to expel high volumes of material by increasing
the pressure exerted by the filament propulsion mechanism.
Therefore, the calculation of the glass transition volume is
one of the fundamental points of this analysis.

From left to right, in Fig. 2, are shown the results of the
simulations of the models Ed3v6, Pico, MK8 without heat
breaker, and MKS8 with heat breaker.

Table 1 Characteristics of 3D printing materials. source: authors

Material MFR UMP LMP Tg
2/10 min (°0) °C) (°C)

ABS 4.1 245 225 ~97
PLA 6.09 160 145 ~60
NYLON 6.2 195 185 ~50
Flow properties MFR

Max}mum Temperature of UMP

melting

Mlnl.mum temperature of LMP

melting

Glass transition temperature Tg

225

205

185

165

145

105

Fig. 2 Result of simulations
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3 Results
All tested hotends have a 2 mm hole for filament passage
throughout their full extension to the nozzle, where the
diameter is reduced, this continuous 2 mm diameter hole
is a non stipulated standard for almost all FFF hotends.
The region of interest is where the filament guide is incor-
porated or converted into the hot block, so calculating the
glass transition volume was simple once having the simula-
tions. It was sufficient to mark the points where the half-fil-
ament was 97° and 225°, respectively, and then measure the
distance between these points to calculate the volume of that
cylindrical body. The results obtained are shown in Table 2.
The simulations with the model MKS (Fig. 3) show the
effect of the heat breaker, not only on the filament at the
entrance of the hot block but on the dissipating body,
where a considerable increase of temperature of this when
there is no heat breaker, which results in significant energy
losses and in hindering the extrusion process by the antici-
pated heating of the filament.

4 Conclusions

The glass transition volume is a criterion for the design of
fuses for 3D printing by molten filament manufacturing
since they use the filament as a plunger, generating the
need to reduce the glass transition volume.

The heat-breaker already understood as the reduc-
tion of thermally conductive material at the heat block
entrance translates into better use of energy by reducing
the need to dissipate heat.

The use of heat breaker in filament guides has an inter-
esting effect when combined with a heat sink body at the
top of them, as it improves the function of the latter in the
following way. When there is no heat breaker, the heat sink
has to lower the filament temperature that has absorbed heat
from the heat block. Instead, when using a heat- breaker,
the heat sink body keeps the temperature of the filament
at room temperature, and with a forced-air source, can be
even below the ambient temperature, significantly improv-
ing the piston effect of the solid filament on the cast filament.

Using filament guides with a heat-breaker is indispens-
able to reduce glass transition volume. Using a stainless

Table 2 Comparison of camera and glass transition volumes.

Glass Transition Glass Transition

Model (i/he;mr‘:)ler Volume with Volume without
ode ((r)nlrlrﬁ)e heat breaker heat breaker
(mm?) (mm?)
PICO 99.67 N/A 129.08
ED3v6 52.61 120,01 N/A
MKS8 69.8 25.2 1194

Fig. 3 (a) MK8 with heat breaker; (b) MK8 without heat breaker

steel heat block reduces the internal chamber's use and
the heating element's heat.

This study shows the existence of a relation between
geometric components of hotends design and its behaviour
using our proposal of metrics (glass transition volume).

The study of why this geometrics affects hotends per-
formance is proposed to future works in the aim to develop
a new and original hotend design. The current finite ele-
ment analysis only allows to identify the effects of absence
or presence of already identified characteristics, but this
comparison don't allow to know the causes. This would
be done by the same instrument (finite element analysis)
varying the parameters of each feature in order to obtain
enough information, then a thermographic study should
be used, which allows a correct surface mapping, of tem-
perature even in the presence of high spatial temperature
gradients and/or thermal flux [15] to be able to corroborate
the data and the conclusions reached theoretically.
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