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Abstract

This thesis explores the flow phenomena during Material Extrusion Additive Manufac-
turing (MEX), one of the the most popular 3D printing methods. MEX has been present
since the end of 80s and has undergone a tremendous development. Nowadays, rela-
tively reliable machines are available for the price below $5000. Yet, despite the popu-
larity, the process faces challenges in terms of geometrical accuracy, mechanical strength
of parts, and production time. Moreover, there are still aspects of this manufacturing
technique that are not well understood such as the material flow during extrusion and
deposition.

MEX is a process in which the material is selectively deposited through an orifice to
create a three-dimensional object. This work focuses on filament-based MEX, commonly
known as Fused Filament Fabrication (FFF), or Fused Deposition Modeling (FDMTM),
where typically a polymeric filament is melted, extruded and deposited in the form of a
strand. The strand is an essential building brick of each part printed with FFF. Control
over the dimensions and morphology of strands is important for reducing geometrical
inaccuracies, as well as providing good conditions for creating bonds between the layers.

In the first part of the thesis, a Computational Fluid Dynamics (CFD) model for pre-
dicting the shape formation of strands during the deposition flow is presented and vali-
dated with experimental measurements. The strand shape is observed to vary from being
nearly circular to a flat cuboid with rounded corners, depending on the deposition pa-
rameters. The numerical model is then extended to account for the presence of previously
deposited material on the formation of newly laid strands. The formation of mesostruc-
ture is simulated for different deposition conditions and their influence on the porosity,
bond line quality and surface roughness is modelled. The developed model could be
used to improve the strand representation in a 3D printer controlling software, as well as
to numerically optimize the process parameters.

The second part of the thesis investigates the flow of polymer through the printhead that
occurs prior to the deposition. Understanding and predicting the flow inside the print-
head is imperative to increase building rates in FFF. An experimental setup to measure
the filament feeding force that relates to the pressure inside the nozzle is designed and the
flow is studied for different channel geometries, filament materials, and extrusion condi-
tions. Two extrusion regimes are identified: a stable regime, where the feeding force is
constant in time and increases approximately linearly as a function of the filament feed-
ing rate; and an unstable regime, where the feeding force oscillates and increases sharply
as a function of the filament feeding rate. The transition between the two regimes is
termed as the maximum feeding rate during stable extrusion and is shown to increase
with the length of the heating channel as well as its temperature. An analytical model for
predicting the maximum feeding rate is developed and experimentally validated.



Three CFD models are implemented and tested to predict the polymer flow inside the
printhead. The first model that was previously studied in the literature, simulates a non-
isothermal one-phase flow of a generalized Newtonian fluid with shear- and temperature-
dependent viscosity. The second, novel model, resolves the position of the polymer free
surface inside the print head and gives an insight into how the material melts and fills the
channel. The third, also novel model, simulates a non-isothermal flow of a viscoelastic
fluid through the channel. The numerical results are compared to the experimental mea-
surements and the models’ strengths and weaknesses are discussed. The models predict
temperature and pressure distribution during the flow, and prove useful in predicting the
filament feeding force for different channel geometries and flow conditions. Moreover,
the numerical results provide an explanation of the origin of pressure oscillations during
the unstable extrusion regime.
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Introduction



1 | Introduction

This chapter introduces Material Extrusion Additive Manufacturing (MEX) - one of the
most proliferated 3D printing processes in the world. MEX encompasses several fabrica-
tion methods, where three-dimensional objects are created by selective deposition of ma-
terial. This thesis focuses on filament-based MEX, commonly known as Fused Filament
Fabrication (FFF). The process is described in detail and its challenges are discussed. Af-
terwards, the chapter reviews the status of research in FFF with focus on the material
flow during the process. Finally, the objectives and structure of this thesis are presented.

Contents
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Material Extrusion Additive Manufacturing . . . . . . . . . . . . . . . . 3

1.2.1 Fused Filament Fabrication . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
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1.1 Motivation

The emergence of Material Extrusion Additive Manufacturing (MEX) is linked to the de-
velopment of Fused Deposition Modeling (FDMTM) by Stratasys, Ltd. in the late 80s. [1].
FDMTM is a process, in which a thermoplastic filament is melted and selectively de-
posited through a nozzle to build a three-dimensional object. After the initial patents
by Stratasys expired, a remarkable proliferation of this technology took place through an
open-source project called RepRap [2]. While Stratasys remains the largest manufacturer
of MEX machines, the success of RepRap enabled a birth of a new market of low-cost
’Desktop 3D printers’, making MEX the most popular additive manufacturing technol-
ogy in the world [3].

Despite the popularity, the process still faces challenges in terms of poor mechanical
strength of parts, low dimensional accuracy and building rate. More importantly, there
are still aspects of MEX that are not well understood. One of them is the material flow
during the extrusion and deposition, which has an essential role for this manufacturing
process and its understanding is imperative to future innovations. The goal of this thesis
is to provide guidelines and tools for the design and optimization of MEX based on an
in-depth analysis of fluid dynamics and heat transfer during the process.



1.2. Material Extrusion Additive Manufacturing

1.2 Material Extrusion Additive Manufacturing

MEX is defined by ISO 52900:2015 [4] as a ’process in which material is selectively dis-
pensed through a nozzle or orifice’. This definition comprises more technologies than just
FDM. A subjective overview of processes, materials and feedstock types that could be
regarded as a part of ’MEX-family’ is summarized in Table 1.1. The MEX market is dom-
inated by filament-based MEX, generally known as Fused Filament Fabrication (FFF), or
FDMTM. Major application of this technology has been in prototyping and rapid tooling,
however recent advances allow for a shift towards end-use products [2]. Printing of car-
bon fiber reinforced materials was a key innovation that led to much stronger products
that could be potentially applied in automotive and aerospace industries [5]. Recently,
metal-based FFF, has gained popularity on the market (see Figure 1.1a). Metal-based FFF
relies on printing a metal powder (up to 65 %) that is held together in a filament form
using a polymeric binder that is later washed out [6]. Metal-based FFF offers cleaner pro-
duction process compared to other metal-based AM technologies, but it requires addi-
tional binder washing station and an oven for sintering. Robocasting (RC) has been most
commonly applied to extrusion of ceramic pastes [7–10] but also materials such as hydro-
gels (see Figure 1.1b) that could be applied in the healthcare industry [11–13]. Moreover,
MEX becomes a dominant process in Big Area Additive Manufacturing (BAAM) of plas-
tics (using a screw extruder [5]), or concrete [14–16], which could revolutionize the future
building industry (see Figure 1.1c).

Table 1.1: Subjective subdivision of MEX.

Scale Technology Material Feedstock

• Desktop Scale
3D printers

• Big Area Additive
Manufacturing
(BAAM)

• Fused Deposition Modeling (FDM)
Fused Filament Fabrication (FFF)

• Robocasting (RC)

• Screw-based
Material Extrusion AM

• Polymers

• Metals

• Composites

• Ceramics

• Filament

• Pellets

• Paste
or Slurry

(a) Metal-based FFF part by
Markforged [17].

(b) Printing of Hydrogel with RC (c) 3D printed concrete. Picture by
Ricardo Gomez Angel [18].

Figure 1.1: Examples of MEX applications in various industries.

3



Chapter 1. Introduction

1.2.1 Fused Filament Fabrication

This thesis focuses on FFF, a filament-based MEX that uses thermoplastic polymer as the
built material. Figure 1.2a presents a sketch of a typical desktop-size FFF printer. The
feedstock is usually supplied as a spool of solid filament 1 that is fed to the printhead
2 during the process. Two most commonly used filament materials in FFF are acry-

lonitrile butadiene styrene (ABS), and polylactic acid (PLA). The printhead and substrate
3 are mounted on gantries that are driven by several stepper motors, which are con-

trolled by the motherboard. The selective deposition of material takes place due to the
relative motion between the printhead and the substrate at the speed, called the print-
ing speed. The communication with the 3D printer is performed via the programming
language, called Gcode. Based on the geometry of the fabricated part, a specially de-
signed software, called slicer, generates the toolpath for the printhead and stores it in the
Gcode. The toolpath subdivides the part geometry into layers of short segments where
the material needs to be deposited.

Figure 1.2b illustrates the details of the printhead design. The feeding mechanism, called
extruder, is driven by a stepper motor 4 and conveys the material thanks to the static
friction between the filament surface 5 and the gear wheels 6 . The filament is inserted
into a cylindrical channel, which consists of:

• a heat sink 7 that releases the excessive heat to the environment,

• a heat break 8 that reduces the heat flow to the upper parts of the printhead,

• a liquefier 9 that delivers the heat and melts the filament,

• a nozzle 10 that extrudes the molten polymer.

(a) Desktop 3D-printer Prusa
i3 MK3 [19].

(b) Simplified illustration of the
printhead.

(c) Sketch of the hot-end.

Figure 1.2: Overview of the FFF process. Visualizations were made based on CAD drawings
available from Jonathan Kayne [20]. Description of the numbered elements in the main text.
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1.2. Material Extrusion Additive Manufacturing

The assembly of the heat sink, heat break, liquefier and nozzle is usually referred to as
the hot-end (Figure 1.2c). The flow inside the hot-end is driven by the pressure that orig-
inates from the feeding force applied by the extruder on the filament. Thus, the filament
acts as a continuous piston, where the solid core applies a force on the already molten
material. The magnitude of the feeding force depends on the pressure drop through the
hot-end that is a function of the filament feeding rate [21]. If the pressure drop is too
large, the filament may buckle [22], break [23], or the gear wheel may loose the grip [24].
Furthermore, reducing the pressure drop in the hot-end is necessary for optimizing the
size of the extruder’s stepper motor. This will lead to a smaller inertia of the printhead
that can be moved faster on the gantries. Hence, the magnitude of the pressure drop in
the hot-end is one of the main factors that limit the building rates in FFF [23].

The heating of the channel is usually performed with an electrical resistor 11 that is
mounted inside the liquefier block. The resistor is controlled via partial-integral-derivative

(PID) loop based on the readings from a thermistor 12 . The liquefier temperature con-
trol is usually the only closed-loop control in the entire machine. Hence, the knowledge
about the current flow conditions inside the hot-end channel is limited and predictive
models are of large importance.

After the material is extruded, it is deposited in the form of a strand 13 . The shape and
size of strands are essential to almost any aspect of the 3D printed part such as the surface
roughness, porosity, geometrical accuracy, and building rate. The formation of strands
can be controlled through the choice of process parameters such as the layer thickness,
printing speed, filament feeding rate, and toolpath. The choice of parameters is often a
trade-off between decreasing the built time and increasing the accuracy [25–27].

The strand shape is also important for the mechanical strength of fabricated components.
Adjacent strands bond together via a temperature driven diffusion process and create a
porous mesostructure [28]. The bonds are typically weak points, where the mechanical
failure is likely to occur [29]. Hence, the parts produced with FFF have often inferior
mechanical performance compared to other polymer processes e.g. injection molding
[30]. Thus, the shapes of the strands need to be well controlled to maximize the bond
width and minimize the presence of voids [31–33].

Pros and cons of Fuses Filament Fabrication are summarized in Table 1.2.

Table 1.2: Strength and challenges of Fused Filament Fabrication.

Advantages Disadvantages

• Low initial cost of the machine

• Easy and relatively safe to use

• Ability to print very complex geometries

• Relatively low mechanical strength

• Slow

• Limited resolution, accuracy,
and surface roughness
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Chapter 1. Introduction

1.3 Literature review

This section outlines the research works in FFF that are relevant to the investigations of
this thesis. The literature review was grouped into two topics: the material flow through
the hot-end and the deposition flow.

1.3.1 Flow through the hot-end

One of the first models for the polymer flow through the hot-end were developed by
Bellini et al. [34]. They used an analytical solution for the pressure drop in the fully-
developed flow of a power-law fluid through cylindrical channels and a conic contrac-
tion. The model was later compared to the experimental measurements by Anderegg et
al. [35], who mounted a pressure transducer inside the liquefier channel. The comparison
revealed that the model of Bellini et al. under-predicts the measured pressure by around
30%. A different analytical model for the pressure drop in the hot-end was proposed by
Phan et al. [36] who included extensional viscosity effects in the contraction section of the
nozzle. The model was tuned by adjusting the Trouton ratio (ratio of extensional viscos-
ity to shear viscosity) to the measurements of the pressure drop in a screw extruder. In
the same work, the pressure drop inside the nozzle of a 3D printer was estimated using
measurements of the power consumption of the stepper motor driving the extruder. The
models of Bellini and Phan were compared to the measurements of the feeding force by
Nienhaus et al. [37]. They found that both analytical solutions do not predict accurately
the dependency of the feeding force on the feeding rate. Moreover, the measurements
of Nienhaus et al. showed that the feeding force becomes unstable at high feeding rates,
possibly due to insufficient melting of the filament core.

In the models of Bellini [34] and Phan [36], it was assumed that the flow channel is en-
tirely filled with the molten polymer. Osswald et al. [38] argue that this assumption
is only fulfilled at low filament feeding rates, while for typical operating conditions in
FFF, there is a gap between the liquefier wall and the incoming filament. The gap lim-
its the heat transfer and delays the melting of the polymer. Hence, the filament melts
only at the bottom surface of the liquefier creating a thin layer of liquid polymer. They
proposed an analytical model that accounts for this phenomenon and compared it to the
measurements from a specially designed billet extrusion setup. The study lacks however
comparison to measurements from an actual FFF printer.

Peng et al. [39] presented visualizations of the flow profile inside the hot-end chan-
nel. They performed Computer Tomography (CT) scans of the nozzle with solidified
pigmented filament inside, which enabled the observations of the flow pattern. They
observed that the measured velocity profile deviates from the analytical solution of the
fully-developed flow of a power-law fluid, possibly due to the radial temperature gradi-
ents that are not accounted for in the analytical model. Moreover, in the same work, they
introduced a thermocouple inside the hot-end channel to measure the temperature of the
polymer during the flow. They found that the temperature increases rapidly in the heat
break and that the maximum temperature depends on the filament feeding rate.
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1.3. Literature review

Numerical simulations are an attractive tool to study manufacturing processes. They can
handle more complex physics as compared to the analytical models and are often easier
to perform than experimental measurements. However, due to the complexity of the
flow in FFF, there has been only a few numerical studies that simulate the flow through
the hot-end. An early study of Ramanath et al. [40] simulates a non-isothermal flow
of a power-law fluid in the hot-end using Computational Fluid Dynamics (CFD). The
dependency of the pressure drop on the nozzle diameter and nozzle contraction angle
was simulated. However, no experimental validation was provided.

Pigeonneau et al. [41] performed CFD simulations to model the heating of the polymer
during the flow through the hot-end. They used the measurements of Peng et al. [39] to
validate their simulations and concluded that the polymer must be in a perfect contact
with the liquefier wall in order to reach the temperatures measured by Peng et al. This
conclusion is in contradiction to the work of Phan et al. [36], who found that the polymer
temperature at the outlet is lower than the liquefier temperature due to heat transfer
limitations at the higher feeding rates. Phan et al. suggested that fouling (i.e. presence
of old degraded polymer at the channel surface) can be responsible for the imperfect
thermal contact.

Go et al. [42] simulated the flow of a Generalized Newtonian Fluid (GNF) with shear-
and temperature- dependent viscosity through the hot-end. They focused on identifying
the dependency of the feeding force on the filament feeding rate, nozzle diameter, and
liquefier length. However, the numerical results were not compared to the experimental
measurements so it is unknown whether all the important aspects of the flow were cap-
tured. Phan et al. [43] presented a CFD analysis of the hot-end flow, where they used a
non-isothermal simulation of a GNF through the liquefier and an isothermal simulation
of a viscoelastic fluid inside the nozzle. They observed that most of the pressure drop
through the hot-end occurs at the tip of the nozzle where the channel has the smallest
diameter. Moreover, the simulation indicated the presence of a recirculation vortex at the
entrance of the liquefier. However, no comparison to the measurements of the pressured
drop through the hot-end was made.

Most of the presented numerical studies lack comparison to the experimental measure-
ments that would represent conditions during FFF. Thus, it is unknown whether the
physics included in the analysis is sufficient and the results accurate. More importantly,
all of the numerical models and most of the analytical solutions (except Osswald et al.
[38]) assume that the entire channel is filled with molten polymer. However, as the fila-
ment diameter is typically smaller than the channel diameter, it is expected that there is
an air gap between the two that limits the heat transfer as well as the shear stress at the
wall.

1.3.2 Deposition flow and strand morphology

Strand morphology is formed during the deposition flow. The cross-sectional shape of
strand is often approximated as a circle, a square, an ellipse or an oblong in slicing soft-
ware [44], as well as research studies [45, 46]. Recently, a few works have focused on
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Chapter 1. Introduction

trying to improve those models. Agassant et al. [47] developed an analytical equation for
predicting the strand width and height based on the analysis of polymer speading under
the extrusion nozzle. The model assumes that the strand is deposited on a flat substrate,
and is formed by the sum of shear flow induced by the printing speed and pressure at
the outlet of the nozzle. Hebda et al. [48] performed measurements of the strand cross-
sections produced at different deposition conditions. They suggested an empirical equa-
tion for the strand width that was fitted to their measurements. Subsequently, using the
volume conservation and assuming an elliptical cross-section, the strand height could be
calculated.

Although analytical models yield a quick estimate of the strand dimensions, they do not
provide an accurate and complete picture of the strand morphology. More importantly,
the predictions are limited to idealized situations when the strands do not interact with
the previously laid material. This problem has been partially overcame in a voxelised
three-dimensional model called VOLCO developed by Gleadall et al. [49]. The method
predicts the mesostructures of 3D printed parts based on volume conservation. If the
toolpath is obstructed by the previously laid strands, the new material is placed in the
nearest neighbouring voxel according to the minimum distance criterion. Thus, no flow
dynamics is taken into account.

On the other hand, CFD models are based on physical principles and can be applied to
simulate more realistic conditions. Material deposition during FFF was simulated nu-
merically by Xia et al. [50], where the focus was to predict the temperature profile inside
the strand and surrounding air. The material was introduced in the domain as a moving
mass source. The study was expanded in [51] to include the physical presence of the
nozzle geometry and its influence on the strand shape. In the next study of Xia et al.
[52], the influence of the viscoelastic stress on the strand shape was investigated. The
viscoelastic effects were also included in two-dimensional, non-isothermal simulation of
Liu et al. [53], where the influence of the external geometry of the nozzle on the mor-
phology of the deposited strand was investigated. A three-dimensional simulation of
material deposition in FFF was also presented by Du et al. [54]. The goal was to predict
the influence of laser-assisted heating on the bonding quality in FFF with fiber-reinforced
feedstock. Heller et al. [55, 56] focused on predicting the fiber orientation during the ex-
trusion and deposition in FFF. Their model simulates a two-dimensional isothermal flow
of a Newtonian fluid.

The presented works showed a potential for applying CFD simulations in predicting the
strand shape formation during the deposition flow. However, to the knowledge of the
author of this thesis, there has been no systematic CFD study prior to the appended
works [A.1-A.3] that would investigate the formation of strand morphology at different
deposition parameters. Moreover, most of the presented studies (except Hebda et al.
[48] and Du et al. [54]) do not present experimental validation that would evaluate the
accuracy of the models.
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1.4. Objectives and scope of this work

1.3.3 Summary of the literature review

The literature study revealed the following research gaps prior to the publication of the
appended works [A.1-A.5, B.1 - B.3]:

• There is a need for a robust and validated numerical model for simulating the pres-
sure drop through the hot-end. There are several unsolved issues related to the
development of such model:

– it was not explained whether the polymer fills the entire channel or there is a
gap between the liquefier wall and the incoming filament;

– the heat transfer conditions at the channel wall have not been clearly identi-
fied;

– a thorough assessment of the viscoelastic effects during the hot-end flow has
not been presented.

• Influence of the nozzle diameter and liquefier length on the feeding force have not
been experimentally quantified.

• The origin of the unstable extrusion at high feeding rates has not been explained.

• There has been no systematic study that would focus on quantifying the change in
the strand cross-sectional shape for different deposition conditions in FFF 1.

• There is a need for a physics-based model to predict the development of the strand
morphology, when it interacts with the previously laid material.

1.4 Objectives and scope of this work

Based on the literature review, as well as the challenges that FFF faces, the research objec-
tives have been identified and are summarized in Table 1.3. The objectives of this thesis
were subdivided into two topics: deposition flow and flow through the hot-end. For each
objective, the scope of work was specified. Moreover, the table contains references to the
publications appended at the end of this thesis that are related to the given objectives.

1Study of Hebda et al. [48] was published after the works [A.1,A.2] of this thesis.
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Table 1.3: Objectives and scope of this work.

Aspect of FFF Objectives Scope Ref.

Deposition
flow

Investigate the
formation of strand
morphology

• Perform a CFD study of
a single strand deposition at
different process parameters

[A.1] [B.1] [A.2]

• Conduct experiments where
the strands are deposited on
a flat substrate

•Measure the strand
cross-sections and compare
to the CFD results

Investigate the
formation of part
mesostructure

• Extend the CFD model to
account for the influence of the
previously deposited material
on the formation of new strands

[A.3]

• Validate experimentally
the modeling results

• Perform the CFD simulations
of multiple strands deposition
at different process parameters

Flow through
the hot-end

Investigate the flow
through the hot-end

• Build an experimental setup
for measuring the filament
feeding force during the flow
through the hot-end

[A.4] [B.2]

• Conduct and analyze
experimental measurements of
the flow through the hot-end at
different extrusion conditions

Develop a model
for predicting the
filament feeding force

• Develop a CFD model that
simulates the flow through the
hot-end

[A.5]

• Validate the model with
experimental measurements

1.5 Structure of this thesis

This thesis is subdivided into five parts that contain eight chapters, appended publica-
tions and supplementary information. The structure has been organized as follows:
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1.5. Structure of this thesis

Part I Introduction

Chapter 1: Introduction
This chapter introduces Filament-based MEX and provides motivation for the study.

Part II Materials and Methods

Chapter 2: Theory
The theory chapter presents governing equations and constitutive models of the
polymer flow in Filament-based MEX.

Chapter 3: Modeling
This chapter presents details of the models that were developed to predict the de-
position of material and the internal flow through the hot-end.

Chapter 4: Experimental methodology
This chapter describes the methods for conducting experimental measurements of
the strand cross-sectional shapes and the filament feeding force arising from the
flow through the hot-end.

Part III Results and Discussions

Chapter 5: Deposition flow
This chapter presents key results from Paper-I [A.1], Paper-II [A.2], and Paper-III
[A.3], where the formation of the strand morphology and part mesostructure are
discussed. The simulated strand cross-sectional shapes are compared with experi-
mental measurements.

Chapter 6: Flow through the hot-end
In this chapter, the polymer melting and flow through the hot-end are discussed
based on the results from Paper-IV [A.4] and Paper-V [A.5]. The influence of pro-
cess conditions and the channel geometry on the extrusion flow is discussed.

Chapter 7: Summary of appended papers
This chapter lists the appended articles and briefly summarizes their content.

Part IV Conclusions

Chapter 8: Conclusions and future work
The final chapter summarizes the work and findings of this thesis. Directions of the
further research are suggested.

Part V Appendix

Appendix A: Journal Publications
Appendix B: Conference Publications
Appendix C: Supplementary Information
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2 | Theory

The theory chapter presents the governing equations of the polymer flow that are used in
the numerical models of FFF. The chapter starts with fundamental equations of the fluid
motion. Next, constitutive equations of molten polymers are presented.
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2.1 Conservation laws

The dynamics of the polymer flow during FFF can be generally expressed with the fol-
lowing conservation equations [1–4]

∂ρ

∂t
+∇ · (ρu) = 0 (2.1)

ρ

(
∂u
∂t

+ u · ∇u
)
= −∇p +∇ · τ + ρg (2.2)

∂ρCPT
∂t

+∇ · (ρCPuT) = ∇ · (k∇T) + τ : ∇u (2.3)

where ρ is the density, t is the time, u is the velocity vector, p is the pressure, τ is the
deviatoric stress tensor, g is the gravity acceleration vector, CP is the specific heat, T is
the temperature, k is the thermal conductivity. Equation (2.1) is usually referred to as the
continuity equation and expresses the conservation of mass. If the fluid is assumed to
have a constant density, Equation (2.1) simplifies to

∇ · u = 0 (2.4)

The influence of pressure on the polymer density in FFF is generally low and can be
neglected in the computations of the flow [3]. However, the density of polymers typically
changes as a function of temperature that may vary considerably in the process. Thus,
both forms of the continuity equation ((2.1) and (2.4)) are used in the modeling work of
this thesis.



2.2. Constitutive equations for the polymeric fluids

Equation (2.2) governs the momentum transport during the flow. The left-hand side of
the equation renders the momentum due to the inertial effects. The terms on the right-
hand side are the sum of forces acting on the fluid: the pressure (the first term), the
viscous and elastic stresses (the second term), and the gravity (the third term). With
an appropriate choice of characteristic quantities, the momentum equation can be non-
dimensonalized to show that the inertial term scales with the Reynolds number

Re =
ρUL

µ
(2.5)

where U is the characteristic velocity, L is the characteristic length, µ is the dynamic
viscosity. The Reynolds number expresses the ratio of the inertial forces to the viscous
forces. For the vast majority of conditions in FFF, the Reynolds number is very low (in
order of 10−5) due to a high viscosity of the fluid and the small geometrical dimensions.
Thus, the inertial effects can be neglected, which is referred to as a creeping flow.

The last equation (2.3) expresses the conservation of energy, which determines the evolu-
tion of temperature during the process. The left hand side consists of the unsteady term
and the advection term. The two terms on the right hand side express the heat conduction
and heat generation due to the viscous dissipation, respectively. The viscous dissipation
term can be shown to scale with the Nahme-Griffith number, which expresses the heat
generated by the viscous dissipation relative to the heat loss due to conduction [1, 4]

Na =
ηU2

k∆T0
(2.6)

where η is the apparent viscosity, ∆T0 is a characteristic change of temperature that would
cause a substantial change in the viscosity. For majority of the conditions occurring in
FFF, the Na number is well below unity, indicating that viscous dissipation is not an im-
portant effect. The Nahme-Griffith number can however become larger when the poly-
mer temperature is low and viscosity high, e.g. at the inlet of the liquefier. For many
aspects of FFF, such as the flow through the hot-end, inclusion of the energy equation is
crucial. In some situations, such as the deposition flow, it is possible to regard the flow
as isothermal and Equation (2.3) does not need to be solved for, which will be discussed
in Section 3.1.1.

In order to solve Equations (2.1) - (2.3), a constitutive model that describes the depen-
dence of the deviatoric stress tensor τ on the fluid deformation is required. This subject
is addressed in the next section.

2.2 Constitutive equations for the polymeric fluids

In this section, two distinct ways of approximating the rheological behaviour of poly-
meric liquids are discussed. In the first model, called a Generalized Newtonian Fluid
(GNF), the fluid has an instantaneous stress response to the deformation rate. The vis-
cous stress and the deformation rate are related by the apparent viscosity that can be
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either constant, or shear and temperature dependent. In the second model, called Vis-
coelastic Fluid, the stress tensor depends not only on the current deformation rate but
also past deformations.

2.2.1 Generalized Newtonian Fluid

The deviatoric stress tensor of GNF can be calculated as

τ = ηS (2.7)

where η is the apparent viscosity, and S is the strain rate deformation tensor, defined as

S = ∇u + (∇u)T (2.8)

The apparent viscosity η can be approximated as constant, which corresponds to a New-
tonian fluid model

η = µ (2.9)

Polymeric fluids are however well known for their shear thinning and temperature de-
pendent viscosity. There exist numerous models to describe the shear- and temperature-
dependency of the viscosity and there choice depends on the material, as well as the pro-
cessing conditions. For an extensive list, textbooks [1, 3, 4] should be consulted. In this
thesis, the temperature dependent power law model is used

η (T, γ̇) = Kre f γ̇n−1 (aT(T))
n T

Tre f
(2.10)

where T is the temperature, Kre f is the consistency index measured at the reference tem-
perature Tre f , n is the power-law index, aT is the time-temperature shift factor, and γ̇ is
the strain rate magnitude, which relates to the strain rate deformation tensor as

γ̇ =

√
1
2

S : S (2.11)

The temperature dependency of the time-temperature shift factor can be modelled for a
large range of temperatures [1] using Williams-Landel-Ferry (WLF) equation

aT(T) = exp

(
−C1

(
T − Tre f

)

C2 +
(
T − Tre f

)
)

(2.12)

where C1, C2 are material constants.

2.2.2 Viscoelastic Fluid

Similarly as for GNF models, there exist various viscoelastic constitutive equations and
textbooks [1, 4, 5] should be consulted for an in-depth discussion. When using a vis-
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2.2. Constitutive equations for the polymeric fluids

coelastic constitutive model, the deviatoric stress tensor is usually decomposed as

τ = τP + τS (2.13)

where τP is the polymer contribution, calculated with the viscoelastic constitutive equa-
tion, and τS is the solvent contribution, usually represented by the Newtonian model

τS = ηSS (2.14)

where ηS is the solvent viscosity. A single viscoelastic constitutive equation is rarely
capable of accurately modeling the stress response of an actual polymeric material. A
common strategy is to divide the polymeric stress contribution into a number of modes
m, such that

τP =
m

∑
i=1

τP,i (2.15)

where the polymer stress contribution of each mode τP,i is represented by an indepen-
dent constitutive equation with different material parameters. In this work, the Giesekus
model [6–8] is used to calculate the polymer stress tensor of each i-th mode

τP,i + λi

∇
τP,i + αi

λi

ηP,i
(τP,i · τP,i) = ηP,iS (2.16)

where ηP,i, λi, and αi are the polymer viscosity, relaxation time, and the mobility factor,
respectively of each i-th mode. Moreover

∇
τP,i =

∂τP,i

∂t
+∇ ·

(
uτP,i

)
− (∇u)T · τP,i − τP · ∇u (2.17)

is the upper convected derivative, which removes the dependency of the stress tensor on
the rotation of the fluid. The Giesekus model is capable of predicting essential viscoelastic
fluid features such as the elongational viscosity, non-zero second normal stress difference,
as well as the shear thinning viscosity [1].

The viscoelastic parameters are a function of the temperature in non-isothermal pro-
cesses such as FFF. Their dependence on the temperature can be modelled using the
time-temperature shift factor aT as [2]

λi(T) = aTλi(Tre f ) (2.18)

ηP,i(T) = aT
T

Tre f
ηP,i(Tre f ) (2.19)

ηS(T) = aT
T

Tre f
ηS(Tre f ) (2.20)

(2.21)

where aT is modelled with Williams-Landel-Ferry (WLF) relation (Equation (2.12)).
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3 | Modeling

This chapter presents the numerical and analytical models for predicting the heat and
mass transfer during FFF. The first model simulates the material deposition and the for-
mation of mesostructures in 3D printed parts. Next, three CFD models for simulating
the flow of polymer through the hot-end are presented. Finally, an analytical model for
predicting the maximum filament feeding rate during the stable extrusion is shown.

Contents
3.1 Deposition flow of strands and mesostructure formation . . . . . . . . 21

3.1.1 Geometry and physics of the numerical model . . . . . . . . . . . 21
3.1.2 Numerical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.3 Multiple strands simulation . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Polymer flow through the hot-end . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Summary of the numerical models . . . . . . . . . . . . . . . . . . 26
3.2.2 Geometry, mesh and boundary conditions . . . . . . . . . . . . . 26
3.2.3 Implementation details of Flow 3D models . . . . . . . . . . . . . 28
3.2.4 Implementation details of OpenFOAM model . . . . . . . . . . . 29
3.2.5 Post-processing of the numerical results . . . . . . . . . . . . . . . 29
3.2.6 Analytical model for the maximum filament feeding rate . . . . . 29

3.3 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1 Deposition flow of strands and mesostructure formation

Deposition flow takes place, when the extruded material leaves the nozzle and under-
goes a turn to be printed on a flat substrate (for the first layer) or the previously printed
material (for the next layers). A CFD model that simulates the deposition flow of a single
strand and predicts its cross-sectional shape was developed in Paper-I [A.1], and subse-
quently validated in Paper-II [A.2]. In Paper-III [A.3], the model was extended to sim-
ulate the deposition of multiple strands next to each other and on top of each other in
order to predict the mesostructures formation in 3D printed components. This section
presents the details of these numerical models.

3.1.1 Geometry and physics of the numerical model

Figure 3.1 presents the geometry of the CFD model used to simulate the deposition of a
single strand on a flat substrate. The material entered the computational domain at the
inflow boundary condition with an extrusion volumetric flux (average velocity) UC. The
polymer flowed through a stationary nozzle with an internal diameter DC, called the cap-

21



Chapter 3. Modeling

Figure 3.1: The geometry of CFD model for the deposition flow simulations [A.1].

illary diameter. After the material left the nozzle orifice, it was deposited on a flat moving
substrate that was located below the nozzle orifice at a distance Lt, called the layer thick-
ness. The substrate moved at a constant speed VP, called the printing speed. As there
were no accelerations in the relative motion of the nozzle and the substrate, the problem
was equivalent to simulations with a moving nozzle and a stationary substrate. After the
material reached the flat moving substrate, it was advected towards the outlet bound-
ary, where its cross-sectional shape was registered. Since the problem was symmetrical
with respect to the plane parallel to the printing direction, only half of the domain was
simulated. The remaining planes of the computational domain, had prescribed the outlet
boundary condition where the fluid was free to leave.

Moreover, the following assumptions about the fluid flow were made:

• The fluid had a constant viscosity. Although the polymer viscosity is a function of
the temperature and shear rate, the numerical study, that is reported in Paper-VI
[B.1], had shown that the shear thinning effect and magnitude of the viscosity had
negligible influence on the strand cross-sectional shape, when compared to the in-
fluence of the deposition parameters (the layer thickness and extrusion volumetric
flux). The findings reported in Paper-VI [B.1] were based on the simulations per-
formed for the creeping flow regime i.e. the small Reynolds number (Eq. (2.5)),
which was also fulfilled in the current study.

• The fluid had a constant density. Due to the creeping flow regime, the value of the
density had negligible influence on the flow dynamics. The change in the density
due to thermal shrinkage of the deposited strand was estimated to be around 2%
(assuming the coefficient of thermal expansion for PLA equal 4.1 · 10−5 m/(m◦C)

[1]). Hence, it was assumed that the thermal shrinkage had a secondary effect on
the shapes of strands.

• The flow was simulated as isothermal. As the influence of viscosity and density on
the strand shape was assumed to be of a second order, the energy equation could
be omitted from the solution.
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3.1. Deposition flow of strands and mesostructure formation

• The fluid adhered to the nozzle walls and the substrate (hence the no-slip condition
could be applied).

• The computational domain was filled with air, wherever there was no polymer.
However, the flow of air had no influence on the deposition of strands due to a
large difference in the densities and viscosities between the fluids.

• No material solidification was modelled. After the material was deposited, it re-
mained liquid. However, the only acting force was gravity that was too small to
affect the cross-sectional shape.

With the aforementioned assumptions, the deposition flow was governed by the follow-
ing relations: (1) the layer thickness divided by the capillary diameter, Lt/DC; (2) the
printing speed divided by the average flow velocity inside the capillary, VP/UC. Thus,
the numerical results are general for any layer thickness and printing speed, providing
that these ratios are unchanged and that the flow is in the creeping regime. Moreover, as
the results were not affected by the exact value of the viscosity and density, the simulated
material can represent a wide range of thermoplastics.

3.1.2 Numerical details

The numerical model was implemented in ANSYS Fluent [2], a general purpose commer-
cial CFD software. The conservation equations of mass and momentum (Equations (2.4)
and (2.2)) were solved using the finite volume method on a mesh made of tetrahedral
elements with a maximum edge length: δl/DC = 0.06 in Paper-I [A.1], and then refined
to δl/DC = 0.03 in Paper-II [A.2]. However, no significant difference in the solution be-
tween the two meshes was found. The governing equations were solved using a coupled
pressure-velocity solver and an implicit time discretization scheme. The free surface of
the polymer was tracked using a combined volume-of-fluid/level-set method [3–5]. The
simulations ran until a steady state was reached and the strand cross-sectional shape was
extracted. The polymer viscosity and density were set to 1000 Pa · s and 1000 kg/m3,
respectively. However their actual magnitudes had negligible influence on the simulated
strand cross-section, as discussed in the previous section. The air viscosity was increased
to 0.01 Pa · s to enforce a laminar flow and speed up the solver convergence, while its
presence had no influence on the strands deposition.

3.1.3 Multiple strands simulation

The numerical model for simulating material deposition was extended to account for
the presence of the previously printed strands. The geometry of the numerical model
is shown in Figure 3.2. When simulating the first strand, the computational domain
was similar, as in the single strand simulations (see Figure 3.1), however no symmetrical
boundary was employed. For the simulations of the subsequent strands, the shape of the
recently deposited strand was extruded through the domain to create a solid body that
was merged with the substrate. Next, the new substrate with the previously deposited
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(a) Simulation of the first strand (b) Simulation of the adjacent strand.

Figure 3.2: Extesion of the CFD model to simulate deposition of the subsequent strands [A.3].

material was shifted horizontally by a strand-to-strand distance s. Similarly, when the
next layers were simulated, the shapes of the previously deposited strands were merged
together with the substrate and shifted down by the layer thickness Lt. When simulat-
ing the deposition of the subsequent strands, it was assumed that the reheating of the
previously deposited and solidified material was a local effect (as polymers have a low
thermal conductivity), and did not lead to a change in the shape of the solidified material.
However, the previously deposited material influenced the shape formation of the newly
printed strand.

The strands were deposited in a sequence, as shown in Figure 3.3, and using two config-
urations: aligned - the strands in the next layer were printed exactly on top of the strands
from the previous layer; and skewed - the strands in the next layer were staggered with
a distance s/2 with respect to the previous layer. For each case of the deposition parame-
ters (Lt, s, configuration), 16 strands were simulated (4 layers, each containing 4 strands).
The numbers in Figure 3.3 indicate the order of the deposition. For the skewed config-
uration, some additional strands (colored grey, Figure 3.3) were added to support the
strands in the next layers. The shape of those strands was not simulated but duplicated
from the previously printed ones, as indicated by the arrows.

Figure 3.3: Order of deposition and configuration of strands. The grey colour indicates the
strands that were duplicated from the previously laid down, as shown by the arrows [A.3].
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3.2. Polymer flow through the hot-end

3.2 Polymer flow through the hot-end

This section describes the models that were developed to investigate the flow of polymer
through the hot-end, and were documented in Paper-IV [A.4] and Paper-V [A.5]. More-
over, Paper-IV [A.4] tests several analytical models from the literature for calculating the
pressure drop in the hot-end.

Figure 3.4 illustrates a typical hot-end with its internal geometry and an approximation
of the wall temperature inside the channel. The filament with a diameter DF and tem-
perature TIN is inserted to the hot-end at a feeding rate VF. The hot-end channel can be
subdivided into the following sections:

I a heat sink with a diameter DB, length LHS, and a constant wall temperature
that is equal to the filament inlet temperature TIN ;

II a heat break with a diameter DB, length LHB, and a wall temperature that
varies linearly from TIN to TL, as shown in Figure 3.4 (right);

III a liquefier with a diameter DB, length LL, and a constant wall temperature TL;

IV a contraction with a contraction angle β, and a constant wall temperature TL;

V a capillary with a diameter DC, length LC, and a constant wall temperature TL.

For the convenience of the subsequent analysis, a barrel length LB is defined as the sum
of the lengths of all the sections that share the same diameter DB

LB = LHS + LHB + LL (3.1)

Moreover, a heated length LH is defined as the sum of the lengths of all sections that share
the constant wall temperature TL

LH = LL +
DB − DC

2 tan (β/2)
+ LC (3.2)

Figure 3.4: (Left) Illustration of a typical hot-end. (Middle) Internal channel of the hot-end.
(Right) Approximation of the wall temperature inside the channel [A.5].
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3.2.1 Summary of the numerical models

In this thesis, three numerical models for simulating the flow inside the hot-end were
implemented, as summarized in Table 3.1. Models 1 and 2 were published in Paper-V
[A.5], while Model 3 is only introduced in this thesis. Models 1 and 2 approximate the
fluid as a GNF (see Section 2.2.1), while Model 3 simulates a viscoelastic flow (see Section
2.2.2). Moreover, Model 2 resolves the position of the polymer free surface inside the
flow channel. Hence, it includes the heat sink and heat break sections of the channel (see
Figure 3.4), where there is a gap between the filament and the channel wall. Models 1
and 2 include the dependency of the polymer density on the temperature. Furthermore,
Model 2 accounts for the heat transfer by radiation from the liquefier walls. For details
on the density and radiation modeling, see Section 2.1. of Paper V [A.5].

Table 3.1: Summary of numerical models used to simulate the flow through the hot-end.

Model 1 Model 2 Model 3

Channel sections
included (Figure 3.4)

III, IV, V I, II, III, IV, V III, IV, V

Free surface No Yes No

Heat transfer Yes Yes Yes

Constitutive model GNF GNF Viscoelastic Fluid

Density f (T) f (T) Constant

Radiative heating No Yes No

Solidification model Yes Yes No

CFD software FLOW-3D v12.0
[6]

FLOW-3D v12.0
[6]

OpenFOAM v6.0 [7]
with RheoTool v4.1 [8]

3.2.2 Geometry, mesh and boundary conditions

Figure 3.5 illustrates the channel geometries of the numerical models, as well as the
boundary conditions imposed on the pressure-velocity solver. All three models utilized
an axis-symmetric two-dimensional mesh. In Models 1 and 3, where one phase flow was
simulated, sections I and II of the channel were neglected to avoid the presence of molten
polymer in a region where naturally an air gap exists. Thus, the domains in Models 1
and 3 are slightly shorter. A velocity inlet boundary condition was imposed on top of
the channel, where the filament was inserted. As the filament diameter DF was slightly
smaller than the barrel diameter DB, a short inlet section with a perfect slip condition
was introduced to guide the solid filament into the domain. The wall of the channel
was modelled with a no-slip boundary condition. Models 1 and 3 had prescribed at-
mospheric pressure at the outlet, whereas in Model 2, the fluid left the computational
domain through a continuative boundary that was located slightly outside of the nozzle
outlet. The continuative boundary assumed zero spatial derivative of the velocity.
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Figure 3.5: Illustration of the geometry and boundary conditions.

The channel wall had a prescribed steady temperature Tw, as it is shown in Figure 3.4. The
heat flux between the channel wall and the fluid was governed by the heat convection

q̇w = hL(Tw − T) (3.3)

where T is the fluid temperature, and hL is the local heat transfer coefficient at the channel
wall. The local heat transfer coefficient accounts for the thermal resistance of the solid-
fluid interface and its value was estimated based on the comparison of the simulated and
measured filament feeding force, which is further discussed in Section 6.2. In particular,
three cases of the hL were tested and are summarized in Table 3.2.

Examples of the structured, cylindrical mesh used in the three models are shown in Fig-
ure 3.6. The resolution and quality of three tested meshes are summarized in Table 3.3.
For each of the models, the intermediate mesh was chosen for the subsequent study, as it
provided a compromise between the accuracy and computational efficiency.

Table 3.2: Heat transfer coefficient at the channel wall [A.5].

Local heat transfer coefficient, hL [W/(m2K)] Comment

Case 1 106 Perfect thermal contact

Case 2 2000 Poor thermal contact

Case 3 Variable from 6000 to 400 (Models 1 and 2)
Variable from 6000 to 900 (Model 3)

Thermal contact dependent
on the flow condition
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Figure 3.6: Examples of the cylindrical, axis-symmetric mesh used in both software.

Table 3.3: Mesh quality and resolution used in both software.

Models 1 and 2 (FLOW-3D) Model 3 (OpenFOAM)

Quantity Unit Mesh 1 Mesh 2 Mesh 3 Mesh 1 Mesh 2 Mesh 3

Number of cells - 13 024 38 544 154 030 5594 10080 18900

Max. cell length
(in X / Z direction)

μm 51 / 70 31 / 47 17 / 20 83/76 55/64 37/52

Min. cell length
(in X / Z direction)

μm 15 / 50 8 / 33 4 / 20 16/18 11/15 7.4/12

Max. ratio of
neighboring cells
(in X / Z direction)

- 2.3 / 1 1.5 / 1 1.3 / 1 1/4 1/4 1/4

Max. aspect ratio
(Z:X ratio)

- 4.6 5.8 4.9 5.6 7.0 8.4

3.2.3 Implementation details of Flow 3D models

The conservation laws for mass and momentum ((2.1) - (2.2)) were solved using the
implicit pressure-velocity solver GMRES (Generalized Minimum Residual) [9–11]. The
transport of temperature (Equation (2.3)) was solved using an implicit scheme that is
second order accurate in space. The free surface of the polymer was tracked using the
volume-of-fluid method (VOF) with a sharp interface reconstruction [4]. The simulations
ran for 60 s or until the steady state was reached.

The polymer entered the computational domain in a solidified state i.e. with a prescribed
velocity equal to the filament feeding rate VF and remained rigid until its temperature
reached the glass transition temperature Tg. Above the glass transition temperature, the
flow of liquid polymer was governed by the conservation equations and the viscosity
was evaluated using Equation (2.10). No latent heat of the phase change was considered
in the model, as flow of an amorphous ABS was simulated [12].

28



3.2. Polymer flow through the hot-end

3.2.4 Implementation details of OpenFOAM model

The equations for conservation of mass (2.4), momentum (2.2) and energy (2.3) were
solved using a segregated algorithm SIMPLE with 2 inner loop iterations and 2 correc-
tions for non-orthogonal faces. The pressure and velocity equations were solved using
the stabilised preconditioned conjugate gradient (PCG) method. The constitutive equa-
tion and temperature transport were solved with preconditioned bi-conjugate gradient
for asymmetric matrices (PBiCG) [13]. All the time derivatives were treated implicitly.
The divergence terms in the viscoelastic constitutive equation were solved using a 1st

order upwind scheme to ensure a stable solution. All the remaining terms in the mass,
momentum and temperature equations were discretized using a 2nd order central differ-
ence scheme.

The original isothermal viscoelastic solver rheoFoam available in RheoTool v4 [8] was
modified by adding the temperature equation and by introducing the temperature de-
pendency of the viscoelastic parameters (Equations (2.18)-(2.19)). The change in the time-
temperature shift factor was modelled above the glass transition temperature Tg of the
polymer. Below Tg, the time-temperature shift factor and the viscoelastic parameters re-
mained constant and equal to those at Tg. The simulations ran for 18 s or until the steady
state was reached. The maximum Courant number was 0.1 to avoid numerical instabili-
ties.

3.2.5 Post-processing of the numerical results

The results of the numerical simulations were post-processed to calculate the filament
feeding force as

F = Fp.cone + Fτ.barrel + Fτ.cone + Fτ.capillary (3.4)

where Fp.cone is the force contribution coming from the pressure at the conical surface of
the contraction section; Fτ.barrel , Fτ.cone, and Fτ.capillary are the force contributions from the
stresses at the walls of the barrel, contraction, and capillary sections, respectively. The
inertial terms in the balance of forces were neglected due to the very small Reynolds
number. The details of calculating each of the terms on the right-hand side of Equation
(3.4) is given in Section 2.3 of Paper-V [A.5]. The calculation procedure was the same for
all the models, except that Models 1 and 3 did not include the channel sections I and II
(Figure 3.4). Moreover, in Model 3 the stress contributions included both the elastic and
viscous part.

3.2.6 Analytical model for the maximum filament feeding rate

In this section, a simple analytical model that predicts the maximum filament feeding
rate through the hot-end is presented. The model is also documented in Paper-IV [A.4].
It is hypothesized that a successful extrusion is possible, if the filament core melts before
reaching the contraction section (IV, Figure 3.4). Hence, the model is based solely on the
energy balance for the liquefier section (III, Figure 3.4), where the majority of the heat
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transfer takes place [14], as sketched in Figure 3.7. The polymer is assumed to enter the
liquefier with an inlet temperature TIN and it heats up by the means of the heat convec-
tion from the wall that is kept at a constant temperature TL. The polymer has to reach
the melting temperature TM before it enters the contraction section (IV) in order to be
successfully extruded. By coupling the 1st law of thermodynamics with Newton’s law of
cooling, the energy balance for the liquefier section can be written [15, 16]

ṁmax [QL + CP (TM − TIN)] = h̄∆TπDBLL (3.5)

where ṁmax is the maximum mass flow rate, QL - is the latent heat (heat of fusion), CP is
the specific heat, h̄ is the average heat transfer coefficient at the wall of the liquefier, ∆T is
the mean temperature difference driving the convective heat transfer, which is calculated
as the mean logarithmic temperature difference [15]

∆T =
(TL − TIN)− (TL − TM)

ln
(

TL−TIN
TL−TM

) (3.6)

where TM is the melting temperature of the polymer. The logarithmic mean temperature
difference accounts for the exponential nature of the axial temperature profile during the
convective heating in the pipe flow, and its derivation can be found in [15]. The maximum
mass flow rate can be related to the maximum filament feeding rate as

ṁmax = ρVmax AF (3.7)

where AF is the cross-sectional area of the filament, calculated as AF = πD2
F/4. After

inserting Equation (3.7) into (3.5), and isolating Vmax, the following equation is obtained

Vmax =
h̄∆TπDBLL

[λ + CP (TM − TIN)] ρAF
(3.8)

which expresses the maximum filament feeding rate at which the polymer is sufficiently
heated up to the melting temperature to be successfully extruded. The average heat
transfer coefficient h̄ in Equation (3.8) is unknown and will be obtained based on the
comparison with the experimental measurements, as further discussed in Section 6.4.

Figure 3.7: Geometry of the analytical model for the maximum filament feeding rate.
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4 | Experimental methods

This chapter describes the methodology behind the experimental measurements that
were used to investigate the polymer flow during FFF and to validate the numerical
and analytical models of this thesis. The first section describes the measurements of
strands’ cross-sections and mesostructures formed during the deposition. The next sec-
tion presents an experimental setup that was built for testing the polymer flow through
the hot-end. The last section summarizes the rheological characterization of the polymers
that were used in this study.
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4.1 Strand cross-sectional shapes and mesostructures

A desktop 3D printer BQ Hephestos 2 [1] was used to investigate the formation of a single
strand cross-sectional shape, as well as the formation of the mesostructure, when multi-
ple strands were deposited next to each other. In all experiments, polylactic acid (PLA)
was used as the filament material. The liquefier temperature was set to TL = 200 ◦C, and
it was not varied in the study. Although PLA viscosity is temperature dependent, it was
assumed that the viscosity had a second order effect on the strand shape formation, as
shown by our earlier numerical studies (see Paper VI B.1). The 3D printer was controlled
using a custom Gcode that specified the subsequent positions of the printhead, as well as
the filament feeding rate.

4.1.1 Adjustments of the 3D printer prior to experiments

Before the experiments were conducted, the settings of the 3D printer were adjusted in
order to ensure a correct flow rate, as well as a correct nozzle position above the substrate
i.e. the layer thickness.



4.1. Strand cross-sectional shapes and mesostructures

Flow rate
The flow rate during 3D printing is controlled via the filament feeding rate. The nominal
values of the filament feeding rate that were instructed to the 3D printer were adjusted
based on the measurements of the strand cross-sectional area and the desired volumetric
flux through the nozzle. The filament feeding rate VF relates to the volumetric flux UC as

UC
πD2

C
4

= CFVF
πD2

F
4

(4.1)

where the filament diameter was DF = 1.75 mm, and the capillary (nozzle) diameter
was DC = 0.4 mm. In addition, CF is the feeding rate calibration factor that corrects
for the combined error in the effective radius of the feeding gear wheels, slippage of the
filament, as well as the thermal expansion of the material in the nozzle. The measured
strand cross-sectional area As relates to the volumetric flux inside the capillary as

VP As = UC
πD2

C
4

(4.2)

where VP is the printing speed. The strand cross-sectional area was measured for dif-
ferent printing conditions and compared with the expected nominal values according to
Equation (4.1). The comparison yielded CF that varied from 1.01 to 1.33 across the differ-
ent printing settings. As a result, an average value of CF = 1.18 was used to adjust the
filament feeding rate in all subsequent experiments.

Layer thickness
In the second step, the position of the printhead above the substrate was adjusted to en-
sure a correct layer thickness. A single strand with a length of 190 mm was deposited at
the printing speed of VP = 15 mm/s with the printhead simultaneously descending to-
wards the substrate. The layer thickness was set to 2.5 DC (1 mm) at the beginning of the
strand and 0.6 DC (0.48 mm) at the end of the strand. Thus, the angle between the tool-
path trajectory and the substrate was very low and the deposition conditions were close
to a steady state. This resulted in a strand with varying height along the printing direc-
tion. The strand’s cross-section was measured every 10 mm along the printing direction
and its height (normalized by the capillary diameter) is plotted in Figure 4.1 together with
the instructed layer thickness (also normalized). The comparison revealed that the actual
strand height was abnormally low compared to the Gcode setting that showed an error
in the z-positioning of the printhead. Moreover, the change of the strand height along its
length was different that the change in the instructed trajectory, which revealed an error
in the parallelism between the x-axis of the printhead and the plane of the substrate. The
error in the z-positioning of the printhead was corrected by introducing an offset value
in the Gcode at a reference location, where the strand height was equal to H = 0.8 DC.
The magnitude of the offset was marked in Figure 4.1. Thus, it was assumed that the
strand height equals to the layer thickness when H/DC = 0.8. Finally, the parallelism
error did not have to be corrected, as all the subsequent measurements were performed
at the reference location, where the error in the z-positioning was corrected.
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Figure 4.1: Adjustment of the nozzle position above the substrate. Comparison of the
measured strand height and the specified layer thickness setting in the Gcode [A.2].

4.1.2 Measurement procedure

After each print, the specimens were cut through the cross-section that was perpendicu-
lar to the deposition direction. Next, the surfaces of the cross-sections were grinded using
a rotating abrasive disk with an average granulation of 4000, and examined under an op-
tical microscope with magnification of 200x. The photographs were analysed in MATLAB

and contours of the strands were extracted using image recognition. The post-processing
included evaluations of the strand height, width, and area, for the individual strands, as
well as the porosity, surface roughness and lengths of the bond lines between the adjacent
strands for the specimens. The details of the post-processing of the mesostructures can
be found in Section 2.3 of Paper-III [A.3]. The measurement uncertainty of the strands’
height and width was 5 µm.

4.2 Polymer flow through the hot-end

This section presents the methodology of the measurements performed as part of Paper
IV [A.4]. The aim of the study was to investigate the flow of polymer through the hot-
end of a 3D printer under different extrusion conditions, as well as to understand the
mechanisms limiting the extrusion rate in FFF.

4.2.1 Overview of the experimental setup

Figure 4.2 presents the experimental setup that was designed to measure the filament
feeding force during extrusion in FFF. The setup consisted of:

(1) Extruder Bondtech QR that features two gear wheels on both sides of the fila-
ment providing a large contact area to apply the feeding force;
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(2) E3D v6 and volcano hot-ends with a set of different nozzles (see Table 4.1);

(3) PTFE bowden tube that prevented buckling of the filament between the hot-
end and the extruder;

(4) RAMPS v1.4, an Arduino-based 3D printer controller;

(5) 20 kg load cell with the interface HX711;

(6) Arduino Mega as the data acquisition device;

(7) 12 V power supply.

Figure 4.2: Experimental setup for testing the polymer flow through the hot-end [A.4].
Description of the numbered elements in the text.

Moreover, the setup included a camera to observe the polymer swelling after leaving
the nozzle, as well as a thermal (infra-red) camera to monitor the outlet temperature of
the polymer. The thermal camera, 3D printer controller and data acquisition device were
connected to a PC via USB. The 3D printer controller had installed Marlin v1.1.9 firmware
[2], whereas online communication with the printer was performed using Pronterface
v.6.0 [3]. Furthermore, a MATLAB script was used to acquire and save the measurement
data.

Prior to the measurement, the PID controller of the hot-end heating system was tuned
using an automated procedure (command M303) in the Marlin firmware . Furthermore,
in order to ensure a correct flow rate during the extrusion, the accuracy of the filament
feeding rate was verified. The number of stepper motor pulses per mm of the filament
was adjusted in the 3D printer firmware until the measured length of the fed filament
was as close as ±0.5% of the requested length.

4.2.2 Filament feeding force measurements

Measurements of the pressure drop during the polymer flow through the hot-end are
difficult to perform due to the very small diameter of the flow channel. Instead, the force
necessary to push the filament through the hot-end, which relates to the pressure drop,
was measured. The measurement method uses strain gauges fixed on the load cell that
was inserted between the extruder and the hot-end (see Figure 4.2), similarly as in [5, 6].
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Table 4.1: Dimensions of investigated hot-end configurations, as also implemented in the
numerical model; cf. Figure 3.4. The dimensions are based on documentation from E3D [4].

Variable Symbol Unit Value

Capillary diameter DC mm 0.25 0.30 0.35 0.40 0.50 0.60 0.80

Capillary length LC mm 0.38 0.45 0.53 0.60 0.90 1.20 1.60

Liquefier length LL mm 15.5 15.5 15.5 15.5 24 15.5 15.5 15.5

Barrel diameter DB mm 2.00

Heat break length LHB mm 2.00

Heat sink length LHS mm 1.00

Filament diameter DF mm 1.75

Contraction angle β ◦ 60

Before the measurements, the load cell was calibrated against a scale with an accuracy of
1 g. Next, the uncertainty of the measurement with the load cell was estimated using a
set of calibrated weights. The maximum error during the measurement of the calibrated
weights was 0.8 N, which was taken as the uncertainty of the subsequent feeding force
measurements.

A summary of investigated extrusion conditions is given in Table 4.2. For each configu-
ration of the hot-end (capillary diameter, liquefier length, liquefier temperature), the ma-
terial was extruded at a constant feeding rate for 60 s. The first 30 s were disregarded due
to transient changes in the flow, whereas the last 30 s were used in the subsequent anal-
ysis. An example of the measurement window for low and high feeding rate is shown in
Figure 4.3. Each measurement series started at VF = 40 mm/min, and the feeding rate
was incrementally increased with a step of 20 mm/min until the extrusion failed, as the
feeding force exceeded the strength of the filament and the extruder gear wheels grinded
the filament.

The frequency of data points acquisition was 10 Hz. A sufficient noise filtering was in-
troduced by using a moving average over the last 5 data points. Each measurement was
repeated 3 times and the average feeding force F̄ was calculated. Moreover, a standard
deviation of the feeding force with respect to time σ(F) was calculated, which provided
a measure of the force fluctuations at high feeding rates.

Table 4.2: Summary of investigated extrusion conditions [A.4].

Variable Symbol Unit Value

Hot-end dimensions - - see Table 4.1

Filament material - - ABS / PLA

Liquefier temperature TL
◦C 175, 200, 225, 250

Filament feeding rate VF mm/min from 40 mm/min with a step of 20 mm/min
until failure

36



4.3. Rheological characterization of filament materials

Figure 4.3: Example of the feeding
force measurement at the low and
high feeding rate. The thick continu-
ous lines indicate the average feeding
force F̄ whereas the thin dashed lines
show deviation range±1.5σ(F) due to
force fluctuations. Blue and yellow
lines are liquefier temperatures [A.4].

In Figure 4.3, the temperature of the liquefier as measured by the thermistor is also
shown. It can be observed that in the analyzed time window the heating control of the
liquefier achieves a fairly stable temperature with variations below ±1 ◦C. This indicates
that the feeding force fluctuations measured at high feed rate were not caused by the
variations of the heating control of the liquefier.

4.3 Rheological characterization of filament materials

Two polymers that are commonly applied in FFF were used in this study: PLA and ABS.
Both thermoplastics were characterized using an Anton Paar Rheometer MCR 502 with
a heated chamber CTD600. Small-amplitude oscillatory shear measurements were per-
formed in order to obtain information about the viscosity, as well as viscoelastic effects.
The parallel plate configuration with a diameter of 25 mm and a gap of 0.6 mm was used.

First, an amplitude sweep at a temperature of 200 ◦C and frequency 10 Hz was performed
to find the limit of the linear viscoelastic response. Subsequently, frequency sweeps were
done at strains of 0.1% and 0.5% for PLA and ABS, respectively, which guaranteed the
linear viscoelastic response for both of the thermoplastics. The measurements were pre-
formed at temperatures ranging from 125 ◦C to 250 ◦C with a step of 25 ◦C for ABS, and
at two temperatures i.e. 175 ◦C and 200 ◦C for PLA.

The frequency sweeps resulted in measured storage modulus G′ and loss modulus G′′

that were used to calculated the complex modulus G∗ and complex viscosity η∗ as

G∗ =
√
(G′2 + G′′2) (4.3)

η∗ = G∗/ω (4.4)

where ω is the angular frequency that relates to the strain rate magnitude (Equation
(2.11)) as γ̇ = ωγ [7, Chapter 8]; and γ is the strain used in the frequency sweeps.
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The viscosity was estimated from the complex viscosity using Cox-Merz rule [8]

η(γ̇) = η∗(ω)|γ̇=ω (4.5)

4.3.1 Viscosity master curve

The viscosity master curve was constructed at the reference temperature Tre f . A proce-
dure that uses the stress measured during the frequency sweeps was followed, as de-
scribed in [8, Section 3.6]. First, the measured shear stress τ was plotted vs. the strain
rate magnitude γ̇ for different measurement temperatures T. Then, the measured shear
stress was scaled vertically as

τ∗∗ = τ(T)
Tre f

T
(4.6)

Next, the stress curves τ∗∗ were shifted horizontally by scaling the strain rate magnitude
such that the curves match the stress measured at the reference temperature. The amount
of horizontal scaling defines the time-temperature shift factor aT as

γ̇r = γ̇(T)aT(T) (4.7)

where γ̇r is the reduced strain rate. The time-temperature shift factor was then used to
create a viscosity master curve by plotting the reduced viscosity

ηr =
η(T)

aT

Tre f

T
(4.8)

vs. the reduced strain rate. The resulting viscosity master curves and shift factor de-
pendence on the temperature are shown in Figure 4.4. The power law viscosity model
(Equation (2.10)) and WLF model (Equation (2.12)) were fitted into the data and the fitting
parameters are summarized in Table 4.3. PLA was measured only at two temperatures,
therefore the time-temperature shift factor was plotted for a limited range of tempera-
tures. Moreover, at around 155 ◦C PLA has the melting point, below which crystalliza-
tion occurs and the viscosity increases significantly. This is not the case for ABS, which is
an amorphous plastic that has no melting point. See Appendix C.1 for the results of the
Differential Scanning Calorimetry (DSC) for both materials

Table 4.3: Fitting parameters for Power-law-WLF model for ABS and PLA.

Property Symbol Unit Value

ABS PLA

Reference temperature Tre f
◦C 200 200

Consistency index K Pa s n 30104 3508

Power law index n - 0.24 0.48

WLF constant 1 C1 - 8.97 10.4

WLF constant 2 C2
◦C 155.2 400
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Figure 4.4: Rheological characterization of the polymeric materials using in FFF.

4.3.2 Viscoelastic data

The viscoelastic material parameters for the Giesekus model (Equation (2.16)) were found
using ANSYS Polymat that is a part of ANSYS Polyflow [9]. ANSYS Polymat allows
curve fitting of constitutive models to viscoelastic material data. A four-mode Giesekus
model was fitted to small amplitude oscillatory data of ABS (loss and storage modulus)
and the apparent viscosity at the reference temperature Tre f = 200 ◦C. The data and fit
are shown in Figure 4.5, and the viscoelastic parameters are summarized in Table 4.4.
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Figure 4.5: Rheological data (dots) and the corresponding fit (lines) by the Giesekus model.
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Table 4.4: Fitting parameters for the four mode Giesekus model.

Property Symbol Unit Value

Mode 1 Mode 2 Mode 3 Mode 4

Solvent viscosity ηS Pa s 134.2 0.0 0.0 0.0

Polymer viscosity ηP Pa s 1207.8 5239.8 5958.8 69362.8

Relaxation time λ s 0.010 0.100 1.000 10.000

Mobility factor α - 0.863 0.984 1.000 0.993
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5 | Deposition flow

This chapter presents key results from Paper-I [A.1], Paper-II [A.2], and Paper-III [A.3],
where the deposition flow is simulated to the formation of the strand morphology and
part mesostructure. The first section compares the measured and simulated cross-sectional
shapes of strands at different printing conditions. Next, the numerical simulations are
used to investigate the formation of mesostructures, when multiple strands are deposited
next to each other. The potential of using the model to predict the porosity and bond line
density of parts is demonstrated.
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5.2.1 Experimental validation . . . . . . . . . . . . . . . . . . . . . . . . 46
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5.1 Single strand cross-sectional shape

This section studies the morphology of strands, when they are deposited on a flat sub-
strate. Moreover, experimentally measured cross-sectional shapes of strands are com-
pared to the results of the numerical simulations. Figure 5.1 presents examples of the
strand morphologies simulated at different printing conditions. It can be seen that the
numerical model predicts different strand shapes depending on the normalized layer
thickness Lt/DC and velocity ratio VP/UC.

Figure 5.2 presents simulated and measured strand cross-sections for different printing
conditions that are summarized in Table 5.1. For each printing condition, three indepen-
dent measurements were made to verify that the process is repeatable (for VP/UC = 0.75
and VP/UC = 0.5, see [A.2] for the rest of the results).

(a) VP/UC = 1.0, Lt/DC = 1.0 (b) VP/UC = 1.0, Lt/DC = 0.6 (c) VP/UC = 0.5, Lt/DC = 0.6

Figure 5.1: Simulations of a single strand shape at different deposition conditions [B.1].



5.1. Single strand cross-sectional shape

Figure 5.2: Comparison of simulated and measured strand cross-sectional shapes. For the rest
of the results, see [A.2].
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Chapter 5. Deposition flow

Table 5.1: Summary of printing conditions during deposition flow of a single strand [A.2].

Dimensional parameters

Variable Symbol Unit Value

Capillary (nozzle) diameter DC mm 0.40

Feedstock filament diameter DF mm 1.75

Extrusion volumetric flux in the nozzle UC mm/s 20.0

Layer thickness Lt mm 0.16 0.24 0.32 0.4 0.48

Printing speed VP mm/s 10.0 15.0 20.0

Non-dimensional parameters

Variable Symbol Unit Value

Normalized layer thickness Lt/DC - 0.40 0.60 0.80 1.00 1.20

Velocity ratio VP/UC - 0.50 0.75 1.00

In general, it can be seen that at low layer thicknesses the strands are flat cuboids with
rounded corners, whereas their cross-sections become oval when the layer thickness is
increased. At Lt/DC = 1.2 and VP/UC = 1.0, the strand shape becomes almost circular,
as the extruded material is weakly affected by the presence of the nozzle and retains the
shape of the orifice after it is deposited. When the velocity ratio is decreased, the cross-
sectional areas of strands become larger due to volume conservation, as more material is
deposited. Then, the external geometry of the nozzle interacts with the material during
the deposition and a flatter shape is produced.

Overall, the agreement between the simulated and measured strands’ cross-sections is
very good. The discrepancies between the measurements and the simulations occurred
when the small normalized layer thickness was combined with a small velocity ratio.
At these conditions, the simulated strand shape is flatter than the measured one, which
could be due to differences in the external geometry of the nozzle between the experiment
and the simulation. The bottom surface of the nozzle exterior used in the experiment was
conical, whereas it was simulated as flat. It is however noted that these conditions lie on
the limit of the investigated range of parameters, and are not representative to the typical
operating conditions in MEX, which are closer to VP/UC = 1.0.

A quantitative comparison of the simulated and measured strand dimensions is pre-
sented in Figure 5.3. For reference, an analytical solution is shown, when an elliptical
cross-section of the strand is assumed (see [A.1] for details). It can be seen that the nu-
merical model provides a very good prediction of the strand height and width (top two
rows), except for the combination of low velocity ratio and low normalized layer thick-
ness, as mentioned previously. The strand aspect ratio and compactness (defined as the
strand area divided by W · H) are shown in the bottom two rows of Figure 5.3. The nu-
merical model offers an improvement in predicting these quantities with respect to the
analytical solution. Moreover, the results of the measurement and simulations indicate
that the compactness of the strand can be maximized, when the normalized layer thick-
ness Lt/DC = 0.6 and velocity ratio VP/UC = 1.0 are chosen.
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Figure 5.3: Comparison of simulated, measured and analytical (elliptic) strand height, width,
aspect ratio and compactness [A.2].

5.2 Mesostructure formation

In this section, the formation of a mesostructure inside a 3D-printed part is simulated.
The mesostructure forms when subsequent strands are deposited next to each other. The
numerical model from the previous section was extended to include the influence of al-
ready printed material on the newly deposited strands.
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Chapter 5. Deposition flow

5.2.1 Experimental validation

First, the performance of the numerical model is checked by comparing the simulated
and measured mesostructures. Four PLA specimens were manufactured using deposi-
tion conditions at which the distinction between the strands is clear and the formation of
voids can be observed. The comparison of simulated and photographed cross-sections of
the specimens is shown in Figure 5.4. In general, a good qualitative agreement between
the numerical results and the measurements is observed. The simulations predict similar
shapes of voids between the strands and layers, as in the 3D printed specimens. When
the aligned layer configuration is used (top two plots), the voids have a diamond-like
shape, whereas for the skewed layer configuration (bottom two plots), their shapes de-
pend on the strand-to-strand distance. For the strand-to-stand distance smaller than the
strand width, the voids are triangular, otherwise, they have an hourglass shape.

Table 5.2 reports the porosity and bond line density of the simulated and measured
mesostructures (for the definitions of porosity and bond line density, see Section 2.3 of
[A.3] at the end of this thesis). It can be seen that the numerical results provide a good ap-
proximation of the porosity. For the skewed layer configuration, the simulated bond line
densities are in fair agreement with the measurement, however discrepancies are seen for
the aligned layer configuration. For those cases, the bond line densities are very sensitive
to the accurate prediction of the strand cross-sectional area, as a slight over-prediction of
the strand area can lead to formation of the bond line in a location, where otherwise a
void would be created (zero bond line). Hence, at these deposition conditions, improve-
ment in the modeling results could be achieved if the thermal shrinkage was included in
the model and the strand cross-sectional areas were predicted with higher accuracy.

5.2.2 Influence of the deposition conditions on the mesostructures

Table 5.3 presents a summary of the parameters investigated during the simulations of
the mesostructure formation. The numerical results for the aligned configuration are
shown in Figure 5.5. For the Cases 1, 3, and 5, the strand-to-strand distance is smaller
than the strand width, which creates densely packed mesostructures. At such condi-
tions, the material is affected during the deposition by the previously printed strands.

Table 5.2: Compariosn of measured and simulated porosity and bond line [A.3].

Lt/DC s/DC Configuration Porosity [-] Bond Line Density [-]

Horizontal Vertical

Sim. Measured Sim. Measured Sim. Measured

1.00 1.00 Aligned 0.14 0.15 ±0.03 0.44 0.30 ±0.01 0.38 0.22 ±0.01

0.80 1.20 Aligned 0.10 0.10 ±0.02 0.60 0.58 ±0.02 0.44 0.26 ±0.01

1.00 1.00 Skewed 0.08 0.06 ±0.01 0.32 0.37 ±0.01 0.45 0.50 ±0.01

1.00 1.15 Skewed 0.13 0.11 ±0.11 0.29 0.30 ±0.01 0.26 0.31 ±0.01
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Figure 5.4: Qualitative comparison of the simulated and measured mesostructures for
different deposition conditions [A.3].
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Due to the interactions between the adjacent strands, the shapes are asymmetrical and
dependent on the printing sequence (toolpath). For Cases 2, 4, and 6, the distances be-
tween the strands are equal or larger than their widths. Hence, the shape of the strands
are more regular and almost independent of the printing sequence. The strand shapes are
largely dependent on the layer thickness, as it was also discussed in Section 5.1. When the
layer thickness is small, the strands have flat and compact shapes, whereas the voids are
relatively small. When the layer thickness is increased, the strands become more circular
and voids become larger, due to smaller compactness.

Figure 5.6 presents the mesostructures obtained for the skewed configuration. A similar
influence of the layer thickness and strand-to-strand distance on the morphology of the
mesostructures can be seen, as for the aligned configuration. The strands are more com-
pacted for the small layer thicknesses and asymmetrical for the small strand-to-strand
distances. Moreover, a difference in the strand dimensions can be observed between the
subsequent layers. As the material is deposited in the gap between the two adjacent
strands from the previous layer, the effective layer thickness is larger than the prescribed
value. This leads to narrower strands in the top layers compared to the bottom layers,
and a lack of the vertical bonding between the strands, in some cases. In order to avoid
this effect, the layer thickness would need to be compensated (decreased) by the depth
of the gap between the adjacent strands in the previous layer.

Table 5.3: Investigated parameters in the simulations of the mesostructure formation [A.3].

Dimensional parameters

Variable Sym. Unit Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Layer thickness Lt mm 0.24 0.24 0.32 0.32 0.40 0.40

Strand-to-strand
distance

s mm 0.56 0.58 0.40 0.48 0.32 0.46

Configuration - - Aligned / Skewed

Capillary
diameter

DC mm 0.40

Extrusion
volumetric flux in
the nozzle

UC mm/s 20.0

Printing speed VP mm/s 20.0

Non-dimensional parameters

Variable Sym. Unit Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Normalized layer
thickness

Lt/DC - 0.60 0.60 0.80 0.80 1.00 1.00

Normalized
strand-to-strand
distance

s/DC - 1.40 1.45 1.00 1.20 0.80 1.15

Velocity ratio VP/UC - 1.00
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5.2. Mesostructure formation

The porosity of the investigated mesostructures is plotted in Figure 5.7. The regions
for which the porosity was calculated are indicated with dashed frames in Figures 5.5
and 5.6. It can be seen that the skewed configuration leads to denser mesostructures,
except in the Case 1 (Lt/DC = 0.6, s/DC = 1.4) where both configurations yielded a
very small porosity. The effect of the deposition configuration on the porosity increases
with an increasing layer thickness. Moreover, as it was expected, a reduced strand-to-
strand distance as well as layer thickness led to a reduced porosity in the investigated
mesostructures. Additionally to the presented results, Paper-III [A.3] investigates the
influence of the deposition parameters on the bond line density and surface roughness in
the simulated mesostructures.
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Figure 5.5: The mesostructures simulated for the aligned configuration [A.3].
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Figure 5.6: The mesostructures simulated for the skewed configuration [A.3].
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6 | Flow through the hot-end

This chapter discusses the experimental results form Paper-IV [A.4] and numerical re-
sults from Paper-V [A.5] about polymer melting and extrusion flow inside the hot-end.
Paper-V [A.5] introduced Models 1 and 2 that assume GNF, while this chapter presents
also preliminary simulations performed with Model 3 that solves viscoelastic constitu-
tive equation. The first section presents simulations of a start-up flow that give an insight
into how the polymer fills the liquefier. Next, an inverse analysis of the heat transfer
coefficient at the channel wall is conducted by comparing the simulated and measured
filament feeding force. Section 6.3 discusses the influence of the process conditions and
channel geometry on the polymer flow in the hot-end, and discusses the performance of
the proposed numerical models. In the end of the chapter, the analytical model of the
maximum feeding rate during stable extrusion is validated.
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6.1 Simulations of the start-up flow

Figure 6.1 presents the temperature distribution during a start-up flow, as simulated with
Models 1 and 2 (the temperature distribution simulated with Model 3 is the same as
with Model 1). A perfect thermal contact is assumed between the channel wall and the
polymer (Case 1, Table 3.2). For Model 1, the channel is initially filled with polymer
at a temperature equal to the liquefier temperature (TL = 200 ◦C). Next, a cold solid
filament (TIN = 25 ◦C) is inserted at a feeding rate VF = 40 mm/min. The flow reaches
a steady state solution after around 5 s, and the axial temperature is observed to increase
very quickly to the liquefier temperature, creating a nearly isothermal flow in the rest of
the channel. In Model 2, where the free surface of the polymer is tracked, the channel
is initially empty. As the filament travels through the empty hot-end, its temperature
increases due to heat radiation from the channel’s walls. After the material touches the
surface of the channel, the temperature rises locally very quickly, and the filament melts.
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Chapter 6. Flow through the hot-end

Figure 6.1: Temperature distribution in the channel during the start-up flow of ABS for
VF = 40 mm/min. The regions marked with black frames are enlarged in Figure 6.2.

The molten polymer starts to fill the gap between the solid filament and the wall of the
channel. The melt zone moves upstream until it reaches the heat break section, where the
temperature of the channel wall decreases (Figure 3.4). The steady state is reached after
around 50 s, and the solution is very similar to the one obtained with Model 1.

Figure 6.2 shows zoomed-in images of the velocity vectors, temperature and dynamic
viscosity close to the channel inlet simulated by Models 1 and 2. It can be observed that
both models show the presence of a recirculation region, where the fluid flows upstream
along the liquefier wall. The position of the recirculation region in Model 1 is dictated by
the position of the horizontal face that belongs to the inlet section and has a perfect slip
boundary condition (Figure 3.5). In Model 2, the recirculation region forms naturally in
the heat break section. The low temperature and high viscosity within the recirculation
region serve to prevent a backflow of the molten material to the heat sink. The recir-
culation region has also been observed in the one-phase flow simulations through the
liquefier by Phan et al. [1]. In Model 3, where the viscoelastic constitutive model was
solved, the recirculation region also formed at the inlet, similarly as in Model 1.
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6.2. Inverse analysis of the heat transfer coefficient

Figure 6.2: Zoomed-in image of the recirculation region [A.5]. Velocity vectors are denoted
with black arrows. The scale of the dynamic viscosity was limited to ease comparison.

To support the subsequent analysis, Figure 6.3 illustrates the definitions of the solid fil-
ament, melt zone, and the recirculation region. The boundary between the solid and
liquid polymer is defined by the isotherm line, where the temperature is equal to the
glass temperature Tg. The position of the recirculation region is tracked via a stagnation
point zs. The stagnation point denotes the z-coordinate at the channel wall, where the
vertical velocity component changes sign.

Figure 6.3: Illustration of the def-
initions of the solid filament, melt
zone, recirculation region and stagna-
tion point [A.5].

6.2 Inverse analysis of the heat transfer coefficient

In this section, different cases of the thermal resistance at the channel wall are investi-
gated numerically. The performance of the models is evaluated by comparison with the
measurements of the filament feeding force. The local heat transfer coefficient is adjusted
until a value that best represents the measurements is found. Figure 6.4 presents the mea-
sured and simulated feeding force (top), and simulated temperature at the outlet of the
hot-end (bottom).
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Figure 6.4: Comparison of measured and simulated average feeding force (top) and simulated
outlet temperature (bottom) for varying thermal resistance at the channel wall.

GNF - Generalized Newtonian Fluid, VE - Viscoelastic Fluid.

The simulations and measurements were performed for ABS material and TL = 200 ◦C,
DC = 0.4 mm, LL = 15.5 mm. The thermal and physical material parameters of ABS
used in the simulations can be found in Table 3 of Paper-V [A.5]. When the perfect ther-
mal contact is assumed (Case 1, Table 3.2), the simulated feeding force agrees with the
measurements at the low feeding rate for all three models. When the feeding rate is in-
creased, the models under-predict the measured force. However, it is noted that Model
3 performs better than Models 1 and 2 and remains in the agreement with the measure-
ments also at moderate feeding rates. Model 3 takes into account the viscoelastic effects,
while Models 1 and 2 assumed a generalized Newtonian fluid.

By looking at the outlet temperature in Case 1 (bottom of Figure 6.4), it can be seen that
the temperature drops almost insignificantly at the highest feeding rate. This is contra-
dictory to the experimental observations, where the outlet temperature was reported to
fall up to 50 ◦C below the liquefier temperature [2, A.4]. Thus, a thermal resistance is in-
troduced by lowering the heat transfer coefficient at the channel wall (Case 2, Table 3.2).
For Model 1, Case 2 leads only to a slight improvement in the force prediction, while a
substantial improvement is obtained for Model 3. Further decrease of the heat transfer
coefficient for Models 1 and 3 led to the lack of melting of the solid filament at the channel
inlet, and therefore an increase in the feeding force by orders of magnitude that was re-
garded as a non-physical solution. For Model 2 (with the polymer free surface resolved),
a minimum in the feeding force at VF = 120 mm/min is seen and can be explained as
follows. When the thermal resistance at the channel wall is introduced (Case 2), the ra-
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dial heat flux decreases. Above a critical value of the feeding rate, the radial heat flux
is not sufficient to melt the incoming filament and the melt zone starts to move down-
stream. Simultaneously, an air gap is created between the solid filament and the channel
that reduces the shear stress at the wall and limits the heat transfer. Hence, the force and
outlet temperature drop. No decrease in the feeding force is however observed in the
measurements, hence this solution is also disregarded.

Analysis of Case 1 and Case 2 indicates that the heat transfer coefficient should be high
enough to produce a monotonic increase in the feeding force, as suggested by the mea-
surements but also low enough to produce a notable drop in the outlet temperature.
Thus, in Case 3, a heat transfer coefficient dependent on the flow conditions was intro-
duced. More specifically, it is hypothesised that the heat transfer is enhanced by the recir-
culation zone (see Figure 6.3), where it has a relatively high value (hrec = 6000 W/(m2K)),
and it falls to hdev downstream; see [A.5] for details. As Models 1 and 2 use different con-
stitutive laws than Model 3, it was found that different values of hdev are required to fit
the measurements. Thus for Models 1 and 2, hdev was fixed at 400 W/(m2K), whereas for
Model 3, hdev = 900 W/(m2K). Case 3 yields an improvement in the force predictions for
all three models, however the agreement with experiments is better for Models 2 and 3.
Moreover, in Model 2 the feeding force was found to oscillate at high feeding rates, which
was also observed in the experiments. At this stage, Model 1 was disregarded, as it did
not predict the feeding force accurately. The results obtained with Models 2 and 3 in Case
3 will be discussed in the rest of the thesis.

6.3 Influence of the process conditions on the flow

This section presents a detailed discussion on the experimental measurements [A.4] and
numerical simulations [A.5] of the flow through the hot-end. Here, the measurement
results are presented only for ABS, however Paper-IV [A.4] also contains measurements
for PLA. The presented numerical simulations use ABS as a model polymer. Additionally,
Paper VIII [B.3] extends Model 2 to account for the presence of carbon fiber reinforcement
in the filament material.

6.3.1 Filament feeding rate

Figure 6.5 presents the temperature (top) and pressure (bottom) distributions during the
flow through the hot-end simulated with Model 2. The pressure was left blank for the
solid phase so the contours of the filament can be observed. Figure 6.6a shows the posi-
tion of the stagnation point that tracks the recirculation zone during the flow. The sim-
ulations were made for TL = 200 ◦C, DC = 0.4 mm, and LL = 15.5 mm. As an initial
condition, molten polymer at a temperature equal to TL occupies the sections I, II, and
III of the channel (Figure 3.4). For a low feeding rate (VF = 40 mm/min), the steady
state solution is similar as in Figure 6.1, but the liquefier temperature is reached further
downstream (due to a larger thermal resistance at the channel wall).
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Chapter 6. Flow through the hot-end

Figure 6.5: Temperature (top) and pressure (bottom) during the flow through the hot-end for
different feeding rates [A.5]. Simulated with Model 2 and Case 3.

At VF = 160 mm/min, the average temperature of the polymer drops and the pressure
increases due to a larger resistance to flow. However, the melt zone still extends up to
the heat break and the position of the recirculation zone remains relatively unchanged
(see Figure 6.6a). Until now the extrusion was considered stable. When the feeding rate
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is increased to VF = 200 mm/min, the radial heat flux is not sufficient to melt the incom-
ing filament which starts to penetrate the channel. The melt zone moves downstream,
creating an air gap between the wall and the solid filament, which produces a thermal
isolation. The polymer temperature drops, whereas the viscosity and pressure increase.
This, in turn, creates a backflow that removes the isolating air gap. The melt zone stabi-
lizes at around half of the channel length and a steady state is reached after around 50 s.
When the feeding rate is further increased, the two described phenomena (formation of
the air gap and backflow) do not balance each other and oscillations in the flow persist
even after a long time. The extrusion is in the unstable regime.

Figure 6.6b compares the measured (solid lines) and simulated (dashed lines) feeding
force as a function of time. It can be seen that at low feeding rates, the force is relatively
constant in time and the steady state is reached. Above VF = 200 mm/min, oscillations
in the force are observed and no steady state is reached. At low feeding rates, the simu-
lation compares quite well to the measurements. For moderate feeding rates, the force is
slightly over-predicted by the model. However, taking into account the complexity of the
process (the phase change, free surface, temperature and shear dependent viscosity), the
discrepancy is acceptable. At high feeding rates, the simulation and the measurement
remain in qualitative agreement as both present the force oscillations. The oscillations
are however larger in the simulation, which could be due to the modeling approach of
the solid part of the filament. In the numerical model, the solid filament is perfectly
rigid, while in reality, it is a viscoelastic solid that would compress to store part of the
energy and damp the oscillations. Finally, it is noted that similar force oscillations were
measured when extruding PLA filament (see Paper-IV [A.4] and Paper-VII [B.2]).

The presented analysis indicates that the extrusion instability is related to the conductive
heat transfer in the polymer. Thus, the stability limit of the extrusion could be possibly in-
creased if a filament with a higher thermal conductivity was used. This idea is expanded
in Paper-VIII [B.3], where Model 2 is used to investigate whether the fiber reinforcement,
commonly used in FFF to increase the mechanical strength of parts, can have a positive
effect on the extrusion stability limit, due to a high thermal conductivity of fibers.

(a) Simulated stagnation point. The error
bars indicate the melt zone oscillations and

are equal to 1.5 σ(zs(t)).
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(b) Comparison of the simulated (dashed lines) and measured
(sold lines) filament feeding force as a function of time.

Figure 6.6: Influence of the feeding rate on the hot-end flow [A.5], simulated with Model 2.
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The magnitude of the feeding force predicted by Model 3 (not shown in this section)
was found to be in a good agreement with the measurements in the stable extrusion
regime. However, Model 3 does not predict the force oscillations in the unsteady extru-
sion regime, which indicates the importance of the free surface modeling. Nevertheless,
one phase flow assumption in Model 3 proves sufficient in predicting the dependency of
the feeding force on the feeding rate in the stable regime.

6.3.2 Liquefier temperature

Figure 6.7 presents the measured (crosses) and simulated (lines) filament feeding force
for different liquefier temperatures. Looking at the results of the measurements, it can be
seen that when the liquefier temperature is increased, the feeding force becomes smaller,
due to the lower viscosity of the polymer, as expected. Besides, the experiment shows
that the dependence of the feeding force on the feeding rate follows the same pattern for
different liquefier temperatures. First, there is a region of approximately linear increase
in the force as a function of the feeding rate. Above some critical feeding rate, henceforth
called the maximum feeding rate, the force increases more abruptly and it oscillates as
a function of time (indicated by the error bars). The linear increase in the force relates
to the stable extrusion regime, as discussed in the previous section. When the maxi-
mum feeding rate is exceeded, the extrusion enters the unstable regime due to lack of
filament melting. Thus, the maximum feeding rate expresses the limit of normal hot-end
operation. It is observed that the maximum feeding rate increases with the liquefier tem-
perature, therefore extending the operation window of the hot-end. The measurements
presented in Figure 6.7 were made with ABS material, however Paper-IV [A.4] contains
measurements for PLA, which support the same observations and conclusions.
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(a) Model 2 (GNF, with free suface) [A.5]
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(b) Model 3 (VE, no free surface)

Figure 6.7: Comparison of measured (crosses) and simulated (lines) filament feeding force for
different liquefier temperatures. The error bars are equal to 1.5 σ (F(t)).
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The numerical results obtained with Model 2 in Case 3 (Figure 6.7a) compare qualita-
tively well with the experiment. The same trends are predicted by the simulation: the
force decreases with increasing TL, and the maximum feeding rate increases with in-
creasing TL. However, the simulated force over-predicts the measurements, which could
be due to underestimated heat transfer coefficient that was found based on the mea-
surements for a single liquefier temperature TL = 200◦C (Section 6.2). A more accurate
prediction for the stable regime is given by Model 3 (Figure 6.7b), where a viscoelastic
constitutive model was used. However, as mentioned in the previous section, the model
is not capable of predicting correctly the unstable regime, where the melt zone oscilla-
tions start to play a role. Nonetheless, in the stable regime, where the hot-end usually
operates, Model 3 outperforms Model 2.

6.3.3 Capillary diameter

Figure 6.8 shows the measured (crosses) and simulated with Models 2 and 3 feeding
force (solid lines) as a function of the capillary (nozzle) diameter at the feeding rate
VF = 100 mm/min. The experiment shows that the feeding force increases non-linearly,
when the capillary diameter is decreased. This is however not well captured by Model 2,
where only a moderate change in the force is observed. On the other hand, a much better
agreement is obtained for Model 3 that simulates the fluid flow with the viscoelastic con-
stitutive equation. Model 2 assumes a GNF, which typically provides accurate results in
shear-dominated flows. However, in the hot-end, there are also extensional deformations
due to the contraction section. The pressure drop due to the extensional deformation de-
pends on the rate of extension and therefore the capillary diameter. Thus, the superiority
of Model 3 over Model 2 is revealed when the capillary diameter is changed.
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Figure 6.8: Measured (crosses) and simulated (lines) filament feeding force for different
capillary diameters at VF = 10 mm/min.
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6.3.4 Liquefier length

Figure 6.9 presents measured (crosses) and simulated (lines) feeding force for two differ-
ent liquefier lengths. The measurements show that at low feeding rates the influence of
LL is negligible and the same feeding force is measured for both liquefiers. On the other
hand, when the feeding rate is large, the measured force is lower for the longer liquefier,
as the polymer is heated to a higher temperature before entering the contraction section.
Moreover, the stable extrusion regime, where the force increases linearly, is extended for
the longer liquefier. Thus, the length of the liquefier influences the maximum feeding
rate up to which the hot-end can operate. The experimental results presented here were
obtained for the ABS filament, however the same observations were made for PLA and
were published in Paper-IV [A.4].

The predictions of Model 2 shown in Figure 6.9 are only in partial agreement with the
measurements. At high feeding rates, the simulation predicts smaller oscillations of the
force (represented by the error bars) for the longer liquefier. However, in the simulation
the magnitude of the force is almost the same for both of the liquefiers, which differs
from the experiment. The discrepancy could be attributed to the solid filament approxi-
mation, as also discussed in Section 6.3.1. At the high feeding rates, the longer liquefier
increases the chance of filament buckling or deformation resulting in a contact with the
channel. When the filament gets in contact with the channel walls, the heat transfer rate
increases and may effectively lead to a smaller feeding force which is not captured in the
simulation. Predictions of Model 3 (not shown here) are similar to those with Model 2
and do not capture the difference in the feeding force between the two liquefier lengths.
As Model 3 does not resolve the free surface of the polymer, it fails to capture the feeding
force accurately in the unstable regime, which could be a reason of the discrepancy.
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Figure 6.9: Measured (crosses) and simulated with Model 2 (lines) filament feeding force for
two liquefier lengths. The error bars indicate force oscillations and are equal to 1.5 σ(F).
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6.4 Maximum filament feeding rate of stable extrusion

In Section 3.2.6, a simple analytical model for predicting the maximum feeding rate was
developed and its performance is tested here. It was shown in the previous sections that
above a critical feeding rate, called the maximum feeding rate, the flow through the hot-
end becomes unstable and the feeding force increases rapidly, as the total heat flux is not
sufficient to melt the polymer. The maximum feeding rate during the stable extrusion
was estimated from the measurements by finding a point, where the measured feeding
force deviates from the linear curve fit by more than 3 %, as illustrated in Figure 6.10. The
accuracy of the extracted maximum feeding rate is estimated to be around±10 mm/min.

Figure 6.10: Example of extracted maximum feeding rate from measurements of the filament
feeding force for ABS at T = 225 ◦C .

Figure 6.11 compares the measured and modeled maximum feeding rate as a function of
the liquefier temperature for two materials: PLA (left) and ABS (right). The thermal and
physical material parameters that were used can be found in Table 3 of Paper-IV [A.4]
First, the measurements for PLA were used to find the value of the average heat transfer
coefficient (Equation (3.8)) by fitting the model to the measured maximum feeding rate.
Next, the obtained value of the average heat transfer coefficient (h̄ = 228 W/(m2K)) was
used to predict the maximum feeding rate for ABS and therby check the performance
of the model. It can be seen that the results are in good agreement with the measured
values, and the model is capable of detecting the influence of the liquefier temperature
and liquefier length LL on the maximum feeding rate.

It is noted that the definition of the maximum feeding rate illustrated in Figure 6.10 dif-
fers from an ultimate limit of the hot-end throughput at which the filament is grinded by
the extruder gear wheels. The maximum feeding rate during the stable extrusion, intro-
duced in this work, is important from a practical point of view, as it expresses an actual
limit to which the hot-end should be operated. Finally, it is noted that the development
of Equation (3.8) relies solely on the heat transfer analysis, while there might be other
phenomena limiting the filament feeding rate as e.g. buckling of the material [3], which
should be used as an additional criterion.
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Figure 6.11: Modelled and measured maximum filament feeding rate of stable extrusion [A.4].
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7 | Summary of appended papers

This chapter briefly summarizes the articles appended to this thesis.

Paper-I [A.1]

R. Comminal, M.P. Serdeczny, D.B. Pedersen, J. Spangenberg. Numerical modeling of the
strand deposition flow in extrusion-based additive manufacturing. Additive Manufac-
turing. 20 (2018) 68–76. https://doi.org/10.1016/j.addma.2017.12.013.

In this paper, the computational fluid dynamics model for simulating the strand depo-
sition in material extrusion additive manufacturing is introduced. The model tracks the
free surface of the polymer after it leaves the nozzle, and assumes an isothermal flow
of a Newtonian fluid. The formation of the strand cross-sectional shape is investigated
as a function of two non-dimensional parameters: the layer thickness normalized by the
nozzle diameter and the ratio of the printing speed to the average velocity inside the
nozzle. The strand cross-sectional shape is shown to change from nearly circular to a flat
cuboid as a function of the deposition conditions. Moreover, the distribution of pressure
underneath the printing nozzle, as well as the printing force (force applied by the fluid on
the substrate) are analyzed for different deposition parameters. The normalized printing
force is shown to be linearly dependent on the velocity ratio.

Paper-II [A.2]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg. Experimental validation
of a numerical model for the strand shape in material extrusion additive manufacturing.
Additive Manufacturing. 24 (2018) 145–153. https://doi.org/10.1016/j.addma.2018.
09.022.

This work validates experimentally the numerical model presented in Paper-I [A.1]. In-
dividual strands are deposited on a flat substrate, and their cross-sectional shapes are
measured at different process conditions. For typical deposition conditions, a very good
agreement is observed between the numerical results and experimental measurements.
The CFD model is shown to predict the strand dimensions more accurately than the an-
alytical solution that assumes an elliptical cross-section. The discrepancies between the
numerical results and measurements occur when the low velocity ratio is combined with
the low layer thickness, which typically lies outside of the working conditions.
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Paper-III [A.3]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg. Numerical simulations
of the mesostructure formation in material extrusion additive manufacturing. Additive
Manufacturing. 28 (2019) 419–429. https://doi.org/10.1016/j.addma.2019.05.024.

This article extends the numerical model used in Paper-I and Paper-II to simulate mul-
tiple strands next to each other. Hence, the formation of parts mesostructure during the
deposition flow can be investigated. The model is compared to experimental measure-
ments and a reasonable agreement is observed. Next, the formation of mesostructures
for different layer thicknesses and strand-to-strand distances is investigated numerically.
Moreover, two deposition configurations are considered: aligned, where the strands are
printed directly on top of each other; and skewed, where the strands in the subsequent
layer are shifted horizontally with respect to the previous layer. The porosity, bond line
density and surface roughness of the simulated mesostructures are calculated and dis-
cussed.

Paper-IV [A.4]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg. Experimental and analyt-
ical study of the polymer melt flow through the hot-end in material extrusion additive
manufacturing. 32 (2020) 100997. https://doi.org/10.1016/j.addma.2019.100997.

In this work, an experimental setup to investigate the polymer flow through the hot-end
is developed and different extrusion conditions are tested. The experimental setup is
capable of measuring the filament feeding force that relates to the pressure inside the
channel, the extrudate swell, and the outlet temperature of the polymer. The influence
of the filament feeding rate, liquefier temperature, liquefier length and nozzle diameter
on the flow through the hot-end is studied. Moreover, two commonly used polymers
are tested: PLA and ABS. The measurements are used to test the previously developed
analytical models for calculating the pressure drop through the hot-end. Finally, a simple
analytical model to predict the maximum feeding rate of stable extrusion is presented.

Paper-V [A.5]

M.P. Serdeczny, R. Comminal, Md.T. Mollah, D.B. Pedersen, J. Spangenberg. Numerical
modeling of the polymer flow through the hot-end in filament-based material extrusion
additive manufacturing. Additive Manufacturing. 36 (2020) 101454.https://doi.org/
10.1016/j.addma.2020.101454.

This paper focuses on the development of a numerical model that simulates the flow
through the hot-end. Two alternative modeling approaches are presented: a previously
studied model that simulates a one phase flow, and a novel model that resolves the
free surface position of the polymer inside the hot-end. The models simulates a non-
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isothermal flow of a Generalized Newtonian Fluid with temperature- and shear- depen-
dent viscosity. The numerical results are compared to the experimental measurements
published in Paper-IV. The heat transfer coefficient at the channel wall is estimated by
comparing the simulated and measured filament feeding force. The model is capable of
predicting qualitatively the influence of the process conditions on the feeding force. A
hypothesis for the origin of pressure oscillations at high feeding rates is presented. When
different channel geometries are tested, discrepancies between the modeling results and
the measurements are observed, which are attributed to the simplified rheological model
of the polymer that does not include viscoelastic effects.

Paper-VI [B.1]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg. Numerical Study of the
Impact of Shear Thinning Behaviour on the Strand Deposition Flow in the Extrusion-
Based Additive Manufacturing. Proceedings of the 18th International Conference of the
European Society for Precision Engineering and Nanotechnology. (2018) 283–284.

This conference work is a numerical study that investigates the influence of viscosity
on the deposition flow. The incompressible and isothermal model, presented in Paper-I
[A.1], is extended to include a shear thinning material behavior. The power law vis-
cosity model is used and a sensitivity study of the rheological parameters is performed
for different deposition conditions. The changes in the viscosity are observed to have al-
most negligible influence on the strand shape compared to the influence of the deposition
conditions. Moreover, it is found that the viscosity model does not change the linear de-
pendence between the printing force and the printing speed. Thus, the Newtonian fluid
approximation is found to be sufficient to predict the first order effects in the deposition
flow.

Paper-VII [B.2]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg, Experimental analysis of
the filament feeding force in material extrusion additive manufacturing, Proceedings of the
Joint Special Interest Group meeting between euspen and ASPE Advancing Precision in Additive
Manufacturing, (2019) 141-145.

This conference article precedes Paper-IV, and introduces an experimental setup for in-
vestigating the polymer flow in material extrusion additive manufacturing. The feeding
force, as well as the extrudate swell are measured for different filament feeding rates and
liquefier temperatures. Oscillations in the force signal are observed at high feeding rates
and are correlated to the oscillations in the swell ratio of the extrudate. It is hypothe-
sized that the oscillations are due to fluctuations in the length of the melt zone inside the
liquefier or due to instabilities induced by viscoelastic effects.
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Paper-VIII [B.3]

M.P. Serdeczny, R. Comminal, D.B. Pedersen, J. Spangenberg. Influence of Fibers on the
Flow Through the Hot-End in Material Extrusion Additive Manufacturing. AMPA 2020,
Industrializing Additive Manufacturing. (2021) 251–267. https://doi.org/10.1007/
978-3-030-54334-1_18.

In this conference publication, the numerical model developed in Paper-V is used to
study the effect of fibers on the flow through the hot-end. Short fibers are often used
in FFF to the increase mechanical strength of the produced components. Their presence
changes the viscosity and thermal conductivity of the filament which are both important
for the extrusion flow and the maximum printing speed. The flow of suspended fibers
is simulated with a continuum approach by changing the viscosity and thermal conduc-
tivity of the fluid. An ABS filament with carbon fibers is studied but the model could
be applied for different systems of polymers and fibers. Generally, the presence of fibers
leads to an increased pressure drop. However, at high extrusion speeds, the increase in
thermal conductivity of the filament due to fibers, can cause faster melting of the filament
and thus, a smaller pressure drop and more stable extrusion.
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8 | Conclusions and future work

This final chapter summarizes the findings of this thesis. Moreover, future work and
possible directions of new research are suggested.

8.1 Deposition flow and strand morphology

In this work, the formation of strand cross-sectional shape in material extrusion additive
manufacturing was studied numerically and experimentally. The morphology and di-
mensions of strands are important for the mechanical performance of the part, as well as
its geometrical accuracy. Under the assumptions of an isothermal, incompressible, creep-
ing flow of a Newtonian fluid, the deposition was governed by two non-dimensional
parameters: the layer thickness normalized by the nozzle diameter, and the ratio of the
printing speed to the average velocity inside the nozzle. The strand shape was observed
to change significantly as a function of these two non-dimensional parameters. It was
nearly circular for a large layer thickness and high velocity ratio; and close to a flat cuboid
for a small layer thickness and small printing speed.

The comparison of the numerical results with experimental measurements showed that
the presented CFD model is capable of predicting the strand dimensions accurately. The
good agreement with the measurements indicates that the model assumptions are suffi-
cient to capture the first order effects in the strand formation during FFF. As the problem
was governed only by geometrical and speed ratios, the numerical results could poten-
tially represent materials other than polymers, which should be experimentally tested in
the future works. The model could be used to improve the strand shape representation
in slicing software, and thus enhance geometrical accuracy of 3D printed parts.

The CFD model was extended to simulate the deposition of multiple strands next to each
other; a topic that has not been previously investigated in detail. The influence of the
layer thickness and strand-to-strand distance on the mesostructures was investigated. It
was shown that the strand shapes become largely distorted and asymmetrical, when the
strand-to-strand distance is smaller than the strand’s nominal width. The layer thick-
ness plays also a crucial role in the strand compaction and can be tailored to obtain very
dense mesostructures. Moreover, two deposition configurations (skewed and aligned
layers) were investigated and their influence on formation of voids was discussed. The
results were post-processed to quantify the porosity and bond line density of the sim-
ulated mesostructures, which opens the door to numerical optimization of the process
parameters.



8.2. Flow through the hot-end

The simulated mesostructures compared reasonably well with the experimental mea-
surements. For some deposition conditions, the modeling results could be potentially
improved by introducing thermal shrinkage and heat transfer into the simulation. Fur-
thermore, the model was so far limited to simulating parallel strands depositions, while
it is a common strategy to alternate the deposition directions in the subsequent layers.
These shortcomings could be addressed in the future generations of the CFD models for
simulating the deposition flow.

The proposed CFD model is a strong candidate for future studies of material deposition
in MEX. Different external and internal nozzle geometries can be tested to maximize the
strand compaction and avoid pores. The deposition flow at turns and corners can also
be simulated to control the geometrical inaccuracies due to over- and under-extrusion.
Finally, the slicing algorithms may be better designed utilizing the knowledge from high
fidelity simulations.

8.2 Flow through the hot-end

Understanding the flow of polymer through the hot-end is essential to increasing the
building rates in FFF. In this thesis, a combined experimental and numerical analysis
was employed to explore the underlying physics of the extrusion flow. An experimental
setup for measuring the force required to push the filament through the hot-end was
built. Moreover, three CFD models were implemented to study the flow inside the hot-
end channel: Model 1 that was previously published and simulates a one phase flow
of a Generalized Newtonian Fluid (GNF) with a temperature and shear-rate dependent
viscosity; and novel Models 2 and 3, where the first one accounts for the free surface of
the polymer, and the second one includes the viscoelastic effects of the polymer melt.

For the first time, it was possible to simulate the melting of the filament during the start-
up flow and filling of an empty hot-end channel. The molten polymer was observed to
fill the channel up to the heat break section, where the temperature of the wall decreases.
The CFD models predicted the formation of a recirculation region between the incoming
solid filament and the channel wall. The low temperature and high viscosity of the poly-
mer within the recirculation region prevent an excessive backflow of the material and
jamming of the feeding mechanism. An inverse analysis of the heat transfer coefficient
was conducted by comparing the simulated and measured filament feeding force that re-
lates to the pressure drop through the hot-end. The best fit between the modeling results
and experimental data was obtained for Models 2 and 3, where it was hypothesized that
the recirculation region locally improves heat transfer.

A detailed analysis of the influence of different process parameters on the polymer flow
through the hot-end was conducted. The feeding force was analysed as a function of
the filament feeding rate, liquefier temperature, nozzle diameter and liquefier length, for
two commonly used materials: ABS and PLA. Two extrusion regimes were identified: a
stable regime, where the feeding force increases linearly as a function of the feeding rate;
and an unstable regime where the force oscillates in time and increases sharply with the
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feeding rate. The transition between the two regimes marks the maximum feeding rate
up to which the hot-end can typically operate.

It was hypothesized that the unstable regime occurs because the heat flux from the liq-
uefier wall is not sufficient to melt the polymer. A simple analytical model based on the
heat transfer balance was proposed to predict the maximum feeding rate during stable
extrusion. The analytical model was in a good agreement with the measured maximum
feeding rate. The measurements and predictions of the analytical model showed that the
maximum feeding rate can be increased by extending the liquefier length and increasing
the extrusion (liquefier) temperature.

A more detailed explanation of the unstable regime was provided by the numerical sim-
ulations (Model 2), where the melt zone length was observed to fluctuate at high feeding
rates. The simulated instability was caused by the air gap between the solid filament
and the channel wall. Above the maximum feeding rate, the radial heat flux was not
sufficient to melt the polymer at the inlet and the air gap extended downstream in the
channel, which thereby drastically reduced the heat transfer. This, in turn, led to the de-
crease of the temperature and an increase of the pressure, creating a backflow that filled
the air gap. These two cyclic phenomena were observed to cause the extrusion instability.

Model 2 reproduced the experimental measurements qualitatively well, however in some
cases discrepancies were observed in the magnitude of the predicted feeding force. The
magnitude of the feeding force was better predicted by Model 3, where a viscoelastic
constitutive equation was used to model the molten polymer. Model 3 performed better
when the liquefier temperature and capillary diameter were changed. However, Model 3
did not capture the force oscillations in the unstable regime, due to the one phase flow
assumption.

The presented experimental measurements in combination with the CFD results prove
very useful in analyzing different states of the hot-end operation. The developed models
could be further used in predicting the transient effects in the flow, when the extrusion
conditions suddenly change, such as e.g. during the start and stop of the printing. The
comparison of the numerical results with the measurements of FFF gave an estimate on
the accuracy of current state of the art CFD simulations, as well as an insight into the
limitations of the modeling assumptions such as an isothermal material deposition, GNF,
and a one phase flow. It is believed by the author of this thesis that in the future a unified,
robust and accurate CFD model of Fused Filament Fabrication can be created.
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a  b  s  t  r  a  c  t

We  propose  a  numerical  model  to  simulate  the  extrusion  of a strand  of semi-molten  material  on a moving
substrate,  within  the computation  fluid  dynamics  paradigm.  According  to the  literature,  the  deposition
flow  of the strands  has an impact  on the  inter-layer  bond  formation  in  extrusion-based  additive  manu-
facturing,  as  well  as  the  surface  roughness  of the  fabricated  part.  Under  the  assumptions  of  an  isothermal
Newtonian  fluid  and  a creeping  laminar  flow,  the  deposition  flow  is  controlled  by  two  parameters:  the
gap  distance  between  the  extrusion  nozzle  and  the  substrate,  and  the  velocity  ratio  of  the  substrate  to
the average  velocity  of the  flow  inside  the  nozzle.  The  numerical  simulation  fully  resolves  the  deposition
flow  and  provides  the  cross-section  of  the printed  strand.  For  the  first  time,  we  have  quantified  the  effect
of  the  gap  distance  and  the velocity  ratio  on  the  size  and the  shape  of  the  strand.  The  cross-section  of  the
strand  ranges  from  being almost  cylindrical  (for  a fast  printing  and  with  a  large  gap)  to  a flat  cuboid  with
rounded  edges  (for  a slow  printing  and  with a  small  gap),  which  substantially  differs  from  the idealized
cross-section  typically  assumed  in  the  literature.  Finally,  we found  that  the printing  force  applied  by  the
extruded  material  on  the  substrate  has  a negative  linear  relationship  with  the  velocity  ratio,  for  a constant
gap.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Extrusion-based Additive Manufacturing (AM) [1]—commonly
known as Fused Deposition Modeling (FDM)—is a fabrication tech-
nique by which matter is deposited through an extruder nozzle. The
part is manufactured layer by layer, by the successive depositions
of strands (or threads) on top of a substrate. A detailed review of
the extrusion-based AM techniques is provided in [2]. In the case
of polymer AM,  the extrusion nozzle generally comprises a heated
liquefier that melts the feedstock material before the extrusion.
The semi-molten material is deposited along a prescribed path that
controls the displacement of the extrusion nozzle relative to the
substrate. After the extrusion, the strands of the semi-molten mate-
rial cools down. In the case of polymers, the printed strand welds
with the rest of the part via a thermally-driven diffusion process
[2]. Extrusion-based AM methods are commonly used for desktop
manufacturing of prototypes as well as jigs, fixtures and end-use
components for industrial applications. Despite the fact that the
extrusion-based AM process is widely employed, limited research
has been done on the understanding of the material deposition

∗ Corresponding author.
E-mail address: rcom@mek.dtu.dk (R. Comminal).

itself as well as the rheology of polymeric composite materials used
as feedstock.

The various processing parameters that influence the physical
properties of the printed part, its dimensional accuracy and sur-
face roughness are thoroughly reviewed in [3,4]. Several works
have been carried out to find empirical relationships between the
processing conditions and the final properties of the fabricated
parts, using different statistical and heuristic methods, including
evolutionary genetic algorithm, fuzzy logic and artificial neural net-
work [4]. These researches aim at identifying the key processing
parameters from the experimental data and finding their optimal
combinations. Nevertheless, the development of physically-sound
models based on deterministic numerical simulations is essential to
fully understand the fabrication process and to optimize the design
of the machine [2,5].

Extrusion-based AM is difficult to simulate because it involves
multi-physics (thermal and dynamical) phenomena, occurring on
different spatial and temporal scales: the material extrusion is a
local operation, while the fabrication of an entire part is a global
process. Previous modeling works have mostly focused on the ther-
mal  and thermo-mechanical behavior of the printed part, after the
deposition of the material. Analytical and numerical thermal mod-
els have been developed to compute the local temperature history
of the printed strand, using lumped capacitance analysis [6–13].
Thermal models have further been coupled to a sintering model

https://doi.org/10.1016/j.addma.2017.12.013
2214-8604/© 2017 Elsevier B.V. All rights reserved.
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[14] (driven by the capillary forces) and healing models [12,15,16]
(driven by the intermolecular diffusion), to predict the local bond
formation between adjoining strands. Global thermo-mechanical
simulations of the entire part have also been utilized to calculate
the temperature-induced deformations (shrinkage and warpage)
during and after the fabrication [17–22], as well as the residual
stresses inside the final part, its degree of crystallinity [20,21], and
the potential locations of crack initiation [22]. In these models, the
material extrusion is typically emulated by an element activation
technique within the thermal/thermo-mechanical finite-element
or finite-volume solver. The geometry of the deposited strand is
usually simplified to rectangular voxels, in the global simulations,
and to a generalized cylinders with circular, elliptic or octago-
nal cross-sections, in the local models. However, the shape of
the strands is an important parameter in the energy balance: the
strands exchange heat by conduction through their contact sur-
faces, while their free surfaces exchange heat by convection and
radiation [7,8]. Thus, the accuracy of the thermal models could
be enhanced if the geometry of the strands were actually calcu-
lated with Computational Fluid Dynamics (CFD) simulations of the
deposition flow. In addition, the cross-section of the strands and
their overlap interval (necessary for the healing) are key param-
eters in the analytical model of surface roughness developed by
Ahn et al. [23,24]. However, these parameters are rather used as
fitting parameters of the model, as they are difficult to estimate
[23], without CFD simulations. Moreover, CFD simulations of the
strand deposition could be used to predict the interstitial void den-
sity between the strands, which enters directly into the models of
the mechanical behavior of the fabricated part [25,26].

CFD simulations of non-isothermal flows of power-law fluids
inside the extrusion nozzle have been presented in [27–29]. These
CFD simulations calculate the flow field inside the extruder, the
pressure drop, as well as the melting distance to the entry of the
liquefier. Heller et al. [30] used CFD simulations of Newtonian
isothermal fluid flows through axisymmetric extrusion nozzles to
predict flow-induced fiber orientation of composite polymer inside
the nozzle. The effect of the extruder geometry on the flow-induced
fiber orientation was investigated; however, their CFD model did
not include the deposition flow after the nozzle exit.

McIlroy and Olmsted [31] modelled the disentanglement of an
amorphous polymer during the deposition of the material, assum-
ing a smooth ansatz function of the deposition flow which neglects
secondary flows. Simplified two-dimensional simulations of the
deposition flow have been reported in [27,32]. Dabiri et al. [33]
simulated the deposition of multiple strands laid on top of each
other, using a high-accuracy three-dimensional surface-tracking
algorithm and the Newtonian fluid model. However, the model of
Dabiri et al. [33] did not solve the actual extrusion flow, as the
material extrusion was emulated by a volumetric source term in
the mass conservation equation. To the knowledge of the authors,
the three-dimensional extrusion and deposition flow of the semi-
molten material has only been simulated in the recent work of
Du et al. [34], which considers the non-isothermal flows of (non-
Newtonian) shear-thinning fluids. In spite of the relatively coarse
grid resolution, the CFD simulations of Du et al. [34] were able to
predict accurately the area of contact between adjoining strands,
for different values of the speed ratio and the layer thickness. Their
numerical model has also been used to simulate the deposition flow
of a molten metal in fused-coating based AM [35].

The total pressure drop inside the extruder is an important
parameter to take into account when designing the liquefier and
the feeding system of the printing head [36]. Inadequate operat-
ing conditions can cause the buckling of the feedstock filament
[37], or the slippage of the filament feedstock on the feeding roller
[36,38], which both result in irregularities of the extrusion volu-
metric flow rate. Bellini et al. [39] proposed a mathematical model

that relates the extrusion flow rate to the heat flux of the liquefier
and the motorization of the feeding rollers (assuming no buckling
and no slippage of the feedstock filament), via the analytical expres-
sion of the non-isothermal power-law fluid flow inside an idealized
geometry of the extruder consisting of cylindrical and conical sec-
tions. Dynamical models of the extruder have also been proposed
to detect abnormal flow conditions (e.g. nozzle clogging, overflow,
flow disturbances, etc.) from the vibrations of the printing head
measured by accelerometers [40,41]. Nevertheless, these dynam-
ical models neglect the printing force that the extruded material
applies on the substrate, in spite of the fact that it also contributes
to the dynamics of the printing head [40].

In this paper, we  present a numerical model of the extrusion of
a highly viscous molten material and its deposition onto a moving
substrate. This numerical model can be seen as the missing link
between the CFD simulations of the internal flow of the molten
material inside the extruder, and the thermo-mechanical simula-
tions of the fabricated parts, after the deposition of the strand. For
simplicity, we only consider the extrusion of a single strand printed
on a planar surface. The simulations predict the cross-section of the
strand, as well as the printing force applied by the extruded mate-
rial on the substrate. We  investigate the effects of the velocity ratio
of the moving plane to the average velocity inside the nozzle, and
the normalized gap between the extruder and the substrate. The
remainder of the paper is organized as follows: Section 2 describes
the model and numerical methods that we  employed. Section 3
discusses the different morphologies of printed strands obtained
by our CFD simulations, for different processing conditions. Section
4 reports the values of the printing force applied by the extruded
material on the substrate. Finally, we  conclude with a discussion of
the results.

2. Description of the model

2.1. Physical and numerical models

The model presented in this paper focuses on the extrusion and
the deposition of a highly viscous molten material, in the region
between the printing head and substrate. The deformation of the
molten material is simulated as a fluid flow, within the paradigm
of CFD. The dynamics of the fluid flow is governed by the conserva-
tion of mass and the Cauchy momentum equation. In addition, we
formulate the following assumptions about the physics of the fluid
flow:

(i) The material is considered incompressible (with the constant
density �), thus the mass conservation translates into the volume
conservation.

(ii) Inertial effects are negligible, meaning that we have a creep-
ing flow.

(iii) The material is modeled with a linear constitutive behavior,
i.e. a Newtonian fluid, where the internal shear stress � is propor-
tional to the shear rate �̇:

� = �
·
�, (1)

where � is the viscosity of the molten material.
(iv) The liquid adheres to the surfaces of the nozzle and the

substrate; there is the no slip condition.
(v) The extrusion process is considered isothermal. In the

extrusion-based AM of thermoplastics, the material undergoes a
large range of temperatures and is subjected to glass-liquid transi-
tion. However, we assume that the variations of temperature within
the small gap between the orifice of the extruder and the moving
substrate have a negligible effect on the deposition flow. Hence, we
have chosen not to include the heating and cooling phenomena in
the present model.
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Fig. 1. Geometry of the numerical model.

Under these assumptions, the flow field is locally governed by
the following equations:

∂uj
∂xj

= 0, (2)

�
∂ui
∂t

= − ∂p
∂xi

+ �
∂2
ui

∂xj∂xj
+ �gi , (3)

where ui is the velocity component in the i-direction, p is the local
pressure, gi is the gravitational body forces per mass unit in the
i-direction (i.e. the standard gravity acceleration g0 in the vertical
direction), t refers to the time, xi to the spatial coordinates, and j = 1,
2, 3 is a summation index.

The physics of the extruded material is simulated with a numer-
ical model that includes the exit of the extrusion nozzle and the gap
between the printing head and substrate. In the present model, the
position of the nozzle is fixed, while the substrate moves with a
controlled speed. However, since the movements of the printing
head and substrate are relative to each other, and the accelerations
are neglected, the model equally covers the opposite configuration
where the printing head moves and the substrate is fixed.

The geometry of the numerical model is represented in Fig. 1.
The extrusion nozzle is a cylindrical tube with the inner diameter
D and the outer diameter 2D. The numerical model assumes that
the flow at the nozzle exit is laminar and fully-developed. Con-
sequently, the length of the nozzle are unimportant for the flow
exiting the nozzle. The fully-developed flow inside the nozzle has
an axisymmetric parabolic profile:

u (r) = 2U

(
1 − r2

(
D/2

)2

)
, for 0 ≤ r ≤ D/2, (4)

where U is the average velocity inside the nozzle, which is directly
linked to the speed Vf and diameter Df of the plastic filament feed-
ing the printing head:

U = Vf

(
Df
D

)2

. (5)

Fig. 2. Details of the tetrahedral mesh.

Below the printing head, the moving substrate is modeled by a per-
pendicular plane, with a gap distance g from the nozzle exit. The
exterior of the printing nozzle includes a rectangular domain. By
virtue of symmetry, the numerical model only includes half of the
three-dimensional geometry. The remaining external surfaces of
the numerical model are outlet boundaries, where the material is
free to exit. All the dimensions of the numerical model are normal-
ized by the nozzle diameter D, while the velocity V of the moving
substrate is normalized by the average velocity inside the nozzle.

The fluid flow of the extruded material is simulated for different
printing conditions. The numerical values chosen for the numerical
simulations are provided in Table 1. Gravity is included in the simu-
lations; however, its effect on the fluid flow is negligible.Under the
assumptions of a creeping flow and a Newtonian fluid, the viscos-
ity of the molten material only affects the pressure gradient inside
the nozzle, but it does not change the dynamics of the material
deposition. Therefore, the actual values of the density and viscosity
are not important, as long as the Reynolds number Re = �UD/�
is sufficiently low (below one). Thus, the printing conditions of
the strand are fully characterized by two dimensionless parame-
ters: the velocity ratio V/U, and the normalized gap g/D. Hence,
the predictions of the numerical simulations apply to any molten
material having a high viscosity within the operating conditions of
the extruder, which is the case for most thermoplastics used in 3D
printing, such as PLA and ABS. Twelve different combinations of
V/U and g/D have been tested in the numerical simulations.

2.2. Principle of the numerical simulation

The fluid flow is simulated with the software ANSYS
®

Fluent
R15.0 [42], which is based on the finite-volume method. The gov-
erning Eqs. (2) and (3) are integrated over a finite set of tetrahedral
control volumes that meshes the simulation domain. Details of
the tetrahedral mesh are represented in Fig. 2. Following a cell-
centered discretization, the numerical solver computes discrete
values of the continuous velocity and pressure fields at the center of
the control volumes. The values at any other locations are interpo-
lated from the discrete values, whenever required. The numerical
scheme evaluates the advection and diffusion fluxes of momentum
through all the faces of the control volumes. Then, the accumu-
lated quantity of momentum inside each control volume is updated
according to its net fluxes [43]. As the fluid is incompressible, the
pressure field is a result of the continuity constraint. A pressure
equation is derived from the mass conservations. Moreover, the free
surface of the extruded material is captured by an algebraic coupled
level-set/volume-of-fluid method, which computes the transport
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Table  1
Parameters used in the numerical simulations.

Parameters Nomenclature Values Units

D Inner diameter of the nozzle 1 mm
g  Gap distance {0.4, 0.6, 0.8, 1} mm
U  Average velocity inside the nozzle 20 mm/s
V  Substrate velocity {10, 15, 20} mm/s
�  Density of the molten material 0.8 g/cm3

� Viscosity of the molten material 1000 Pa·s
g0 Standard gravity acceleration −9.81 m/s2

Fig. 3. Examples of simulation results with the numerical model: streamlines of the extruded material (left), and free surface of the printed strand (right), for g/D = 0.8 and
V/U  = 0.5.

Fig. 4. Side- and top-views of the extruded material: (a) for g/D = 1.0 and V/U = 1.0, (b) for g/D = 0.4 and V/U = 0.5.

of two additional field variables tracking the position of the sur-
face. We refer the readers to the following papers [44–47] for a
review of the volume-of-fluid method, the level-set method, and
the coupled level-set/volume-of-fluid method.

The evolution of the system is solved incrementally, at reg-
ular time intervals. The precision of the numerical simulation
depends on the size of the control volumes and time-step inter-
vals. In our simulations, the maximum size of the control volumes
is ıl = 0.06 mm,  and the time-step interval is ıt = 0.01 s. The dis-
cretized momentum equations and pressure equations relative to
the set of control volumes are solved with an implicit solver that
guaranty the stability of the numerical scheme. At each incremen-
tal time step, the numerical algorithm computes the new values
of the primary discrete variables that are the local velocities, the
pressure and the position of the free surface of the extruded mate-

rial. Secondary results, such as the streamline of the flow, the shear
rate, the viscous stress, or the printing force applied by the extruded
material on the substrate, are computed from the primary variables.
Fig. 3 represents examples of numerical results that can be visual-
ized after the simulation is completed, for instance the streamlines
of the flow and the free surface of the printed strand.

3. Morphology of the printed strand

The shape of the printed strand is captured by the free
surface-tracking algorithm. Fig. 4 represents examples of side- and
top-views of material deposition, for two printing conditions: (a) a
fast printing with a large gap, and (b) a slow printing with a small
gap. We  can see that the extruded material spreads more on the
substrate, at the front and on the side of the printing head, for a
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Fig. 5. Cross-sections of the strand, for various printing parameters.

Fig. 6. Strand thickness (left) and strand width (right), as a function of the printing parameters.
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Fig. 7. Area and width of idealized cross-sections assuming that the strand thickness
equals the gap; from top to bottom: ellipse, oblong and cuboid shapes.

slow printing speed and with a small gap. In contrast, the extruded
material has less side flow and tends to stay behind of the printing
head, for a fast printing and with a large gap. After the extrusion,
the printed strand quickly reaches a quiescent state. By virtue of
the volume conservation, the volumetric flow rate of the material
deposited on the moving substrate is the same as the volumetric
flow rate in the nozzle. Therefore, the area A of the cross-section of
the strand is given by the analytical expression:

A = �D2U

4V
. (6)

It is interesting to note that the area of the strand cross-section does
not depend on the gap distance. However, both the gap distance and
velocity ratio influence the shape of the strand cross-section.

Fig. 5 shows the variety of all the strand cross-sections that have
been obtained within the numerical simulations, for different gaps
and velocity ratios. The shape of the printed strand ranges from
being almost cylindrical (for a fast printing and with a large gap)
to a flat cuboid with rounded edges (for a slow printing and with
a small gap). Both the reduction of the gap and the reduction of
the printing speed enhance the side flow of the extruded material,
which flattens the shape of the printed strand.

The normalized strand thickness H/D and the normalized strand
width W/D  are reported in Fig. 6. It is often assumed in the literature
that the strand thickness equals the gap; however, our numerical

results show that the strand thickness vary between −10% amd
+35% of the value of gap, in the range of the processing parameters
that we have investigated. As the extruded material adheres both
to the moving substrate and to the static cap of the extruder, it is
subjected to shear deformation, within the gap region. After the
material passes through the gap region, the shear flow gets rear-
ranged into a uniform flow with velocity V, which can yield the
shrinkage of the extruded material, by virtue of mass conservation.
We  can see in Fig. 6 (left) that the thickness of the strand shrinks
below the value of the gap distance when the printing speed or
the gap distance are high. Moreover, in the case of a slow print-
ing or a small gap, the extruded material flows beside the cap of
extruder (because of a radial pressure difference), as seen in Fig. 4
(b). As a consequence, the side flow of the extruded material is
not restrained anymore by the cap of the extruder, which explains
that the strand thickness exceeds the gap distance. In addition, the
upper surface of the printed strand become concave, as it can be
seen in Fig. 5. This phenomenon has also been reported in [48].
Furthermore, we  must note that the idealized linear relation H = g
is only valid when g < D

√
U/V . For a gap value beyond that limit

(not covered by our numerical simulations), the material would be
extruded without contact with the cap of the extruder, leading to a
smooth deposition on the substrate without secondary flows (like
in the model presented in [31]). In that case, the strand thickness
would become independent of the gap distance.

The strand width, plotted in Fig. 6 (right), is compared with
the width of the idealized cross-sections drawn in Fig. 7, which
are often assumed in the literature. The dotted lines (····) in Fig. 6
(right) are for the ellipse cross-sections, the dash-dot lines (–·–)
are for the oblong cross-sections, the dashed lines (– –) are for the
cuboid cross-sections, while the solid lines with markers represent
the results of the numerical simulations. We  can see that the strand
width calculated with the numerical model substantially deviates
from the widths of the idealized cross-sections.

The aspect ratio W/H  and the compactness A/ (WH) of the cross-
section are also reported in Fig. 8. Again, we can see that the aspect
ratio and the compactness of the printed strand differ from the ide-
alized values. The aspect ratio of the strand globally increases as the
printing speed and the gap distance are reduced. The compactness
of the strand cross-section does not present a clear pattern, as it is
affected by the side flow beside the extruder cap. Moreover, it is
expected that the outer dimensions of the cap of the extruder (not
investigated here) influence the aspect ratio and compactness of
the cross-section.

Fig. 8. Aspect ratio (left) and compactness (right) of the strand, as a function of the printing parameters.
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4. Printing force

The viscous flow develops a pressure gradient along the extru-
sion nozzle, to overcome the flow resistance coming from the
adherence of the molten material to the nozzle wall. The pressure
gradient Pz driving the laminar creeping flow inside the nozzle is
given by the Hagen–Poiseuille law:

Pz = 32�U
D2

. (7)

The extruded material applies a printing force F on the substrate,
which corresponds to the integral of the pressure field (minus a
gauge pressure Patm) over the surface of the substrate:

F =
∫

Substrate
(P − Patm)dS . (8)

The value of the pressure field is normalized by the average viscous
stress �a inside the nozzle:

P̄ = (P − Patm)/�a , (9)

where

�a = � �̇a, (10)

and �̇a is the average shear-rate of the fully-developed laminar pipe
flow:

�̇a = 4
�D2

∫ 2�

0

∫ D
2

0

�̇ (r) rdrd� = 16U
3D

. (11)

The distribution of the normalized pressure on the substrate
is represented in Fig. 9, for different values of g/D and V/U. As
expected, the extruded material applies a larger pressure on the
substrate when the gap distance is small and when the printing
velocity is reduced. For the printing conditions with a small gap or
a low printing speed, the extruded material applies a pressure field
almost axisymmetric, with the maximum pressure just below the
center of the nozzle, as illustrated in Fig. 9 (top). For larger gaps
or faster printing speeds, the pressure level drops, but an excess of
pressure appears at the front of the printing head, as seen in Fig. 9
(middle). Finally, the pressure excess at the front of the printing
head disappears when the substrate velocity or the gap is further
increased, and the maximum pressure becomes situated below the
printing nozzle again; see Fig. 9 (bottom).

The normalized printing force F/F0 is calculated via the numer-
ical integration of the normalized pressure distribution over the
substrate:

F

F0
= 4
�D2

∫

Substrate

P̄dS, (12)

where the reference force

F0 = 1
4
�D2�a (13)

is the total internal viscous force of the material, inside a cross-
section of the extrusion nozzle. The normalized printing forces for
all the printing parameters that we have simulated are reported
in Fig. 10. As expected, the printing force increases as the gap and
the substrate velocity are reduced. Moreover, at a constant gap, the
variation of the printing force with respect to the printing speed fol-
lows a negative linear relationship, for the range of the processing
parameters that we investigated.

5. Conclusions

We  have presented a numerical model within the paradigm of
CFD to simulate the deposition of a highly viscous molten material
on a moving plane, in extrusion-based AM.  The CFD simulations

Fig. 9. Normalized pressure distribution P̄ on the substrate, for different printing
conditions.

fully resolves the velocity- and pressure-fields based on the mass
conservation and the momentum balance inside the extruded
material, while the free surface of the printed strand is tracked
by a surface-capturing algorithm. Under the assumptions of an
incompressible creeping flow and the first order approximation of
the constitutive law as a Newtonian fluid without temperature-
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Fig. 10. Normalized printing force applied on the substrate, as a function of the
printing conditions.

dependency of the material properties, the hydrodynamics of the
extruded material is solely parametrized by two processing vari-
ables: the normalized gap distance, and the ratio of substrate
velocity to the average velocity of the flow inside the nozzle. The
potential effects of non-linearities and temperature-dependences
in the constitutive law are neglected. However, the predictions of
the current model are quite general and apply to many of the molten
material used in extrusion-based AM.

According to the literature, the shape of the printed strand has
a direct impact on the surface roughness of the manufactured part,
the cooling process after the printing, as well as the bond forma-
tion between the adjoining strands and the overlaid layers. Hence,
it influences indirectly the dimensional accuracy (via the thermally
induced deformations), and the mechanical properties of the final
part (via the bond formation), although they depend also on other
processing parameters such as the extrusion temperatures, the
envelope temperatures, and the tool path strategy.

For the first time, we have quantified the effects of the velocity
ratio and the gap on the shape and the dimensions of the cross-
section of the printed strand, as well as the printing force applied
on the substrate. The shape of the strand ranges from being almost
cylindrical (for a fast printing and with a large gap) to a flat cuboid
with rounded edges (for a slow printing and with a small gap). At
a constant gap, the printing force appears to decrease linearly with
increasing printing speeds, under the processing conditions that
we investigated. An increase in the gap increases the thickness of
the strand, but decreases its width and its aspect ratio. Moreover,
both the strand width, the strand thickness, as well as the aspect
ratio of the strand cross-section decrease when the printing speed
increases. The compactness of the strand cross-section presents
non-monotonic variations, with a maximum value of around 90%.
The outer dimensions of the cap of the extruder also have an influ-
ence on the side flow of the extruded material, when the gap
distance or the printing speed is reduced. Moreover, the dimensions
of the printed strand calculated with the CFD model substantially
deviate from the idealized dimensions of the elliptic, oblong and
cuboid cross-sections. Both the dimensions and the compactness
of the strand are crucial variables to take into account for the tool
path planning. Nevertheless, many tool path planning algorithms
relies on idealized layer thickness and strand width, which could
be a cause of geometrical errors in extrusion-based AM.

The deposition of multiple strand layers will be simulated in
future works, to predict the void density of the fabricated part
as a function of the processing parameters. The CFD model could
also test the effect of different nozzle geometries. Finally, real-time

measurements of the printing force could also be used to control the
flow conditions in the nozzle, as it is has a negative linear relation-
ship with the inverse of the flow rate, for a steady printing speed
and a constant gap.
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A B S T R A C T

We investigate experimentally and numerically the influence of the processing conditions on the cross-section of
a strand printed by material extrusion additive manufacturing. The parts manufactured by this method generally
suffer from a poor surface finish and a low dimensional accuracy, coming from the lack of control over the shape
of the printed strands. Using optical microscopy, we have measured the cross-sections of the extruded strands,
for different layer heights and printing speeds. Depending on the processing conditions, the cross-section of the
strand can vary from being almost circular to an elongated rectangular shape with rounded edges. For the first
time, we have compared the measurements of strands’ cross-sections to the numerical results of a three-di-
mensional computational fluid dynamics model of the deposition flow. The proposed numerical model shows
good agreement with the experimental results and is able to capture the changes of the strand morphology
observed for the different processing conditions.

1. Introduction

In material extrusion Additive Manufacturing (AM), also known
as fused filament fabrication or fused deposition modeling, a semi-
liquid material is extruded through a nozzle and selectively de-
posited in the form of a strand, to create the layers of a sliced three-
dimensional object. The parts manufactured by material extrusion
AM used to be primarily employed for prototyping and rapid tooling;
however, their areas of application as finished components have
broadened every year as the process more frequently meets the
stringent requirements to deliver end-use products [1,2]. The most
common material extrusion AM machines use thermoplastics, where
the feedstock is a solid filament fed into a liquefier that melts the
material before the extrusion [3]. The extruded strands bond to the
previously deposited material by the mean of a temperature-driven
diffusion process [4].

The material extrusion AM process is often more economical than
other AM techniques [3] and easier to use as the popular build mate-
rials are non-toxic [5]. AM technologies are especially attractive in
applications with low volumes of production and complex geometries,
e.g. unmanned aerial vehicles [6]. However, the components produced
by material extrusion AM have anisotropic mechanical properties that
are affected by the build orientation of the part [7] and the tool path
calculated by the slicing software. The mechanical properties of the

components can be improved by using a feedstock material reinforced
with fibers and metallic/ceramics particles [8–10]. Another inherent
feature of the layered-based manufacturing methods is that the finished
parts have rough surfaces, which are more difficult to post-process in
the case of thermoplastics than for metals [3]. Therefore, the processing
conditions must be well controlled for an optimal rendering of the
surfaces [11–13].

The fabrication time and the manufacturing resolution depend on
the size and the shape of the extruded strands, which relate themselves
to the processing conditions. The strand shape was idealized with
mathematical expressions in [11,14] in order to predict the dimensional
accuracy and the surface roughness of the parts. The cross-section of the
strand is also an important parameter for the bonding strength between
the layers, as it determines the width of the bonding area [4,15,16].
Moreover, the strand profile affects the cooling rate of the part via heat
conduction between the adjacent strands and layers [17–19]. Further-
more, knowledge about the strand shape allows better control of the
part porosity [15] and its mechanical properties [7,20]. A literature
review on the statistical relations between the extrusion conditions and
the properties of the final parts was made in [21]. It was found that the
mechanical properties are strongly correlated to the layer thickness
[17,22], the build orientation [17,7,23,24], and the infill density of the
parts [17,25,26]. The surface roughness is significantly influenced by
the layer thickness [27] and the build orientation [28].
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Numerical modeling has been widely used to acquire knowledge
about processes [29], for example in ceramics tape casting [30,31],
or in the production of sand molds [32,33], to cite a few. In the field
of material extrusion AM, numerical models have been developed to
simulate the temperature distribution and the cooling rate of the
extruded material [34–36,18,37]. Some of the thermal models have
also been coupled to thermomechanical finite-element analysis to
predict the deformation of the part due to the development of
thermal stresses [38,39], and the locations of crack initiation [40].
Numerical models have also been developed to predict the crystal-
lization of semi-crystalline polymers during material extrusion ad-
ditive manufacturing [41,42]. Bellini conducted a comprehensive
numerical study of the deposition of ceramic pastes using two-di-
mensional numerical simulations [43]. The pressure drop inside the
liquefier was investigated using Computational Fluid Dynamics
(CFD) simulations [44–46]. A three-dimensional computational
thermo-fluid dynamics simulation of the material deposition was
performed by Dabiri et al. [47] and the model was extended in [48]
to include a shear- and temperature-dependent viscosity function of
the polymer melt. In [49], the research was further expanded to si-
mulate the thermal expansion of the material, the development of the
thermal stresses, and the physical presence of the extrusion nozzle.
Du et al. [50] also presented a thermo-fluid numerical model of the
polymer melt deposition in laser-assisted material extrusion AM.
Their focus was on the improvement of the bonding quality between
the strands, resulting from the heat source of a laser. Heller et al.
[51] proposed a CFD numerical model to predict the effects of the
nozzle geometry and the extrudate swell on the fiber orientation
within a fiber-reinforced polymeric feedstock. The deformation and
relaxation of the polymer chains during the material deposition was
investigated by McIlroy and Olmsted [52], who assumed that the
deposited strand has an elliptic cross-section. Comminal et al. [53]
developed a simplified two-dimensional isothermal model of the
deposition flow. The viscoelastic effects of the polymer melt were
included in the two-dimensional thermo-fluid model of Liu et al.
[54], developed in OpenFOAM, to investigate the impact of the
printing speed and the external geometry of the nozzle on the

deposition flow. A three-dimensional isothermal CFD model of the
strand deposition was presented by Comminal et al. [55], who in-
vestigated the effects of the printing conditions on the strand shape,
under the assumptions of a Newtonian fluid. It was notably found
that the strand shape varies significantly with the layer height and
the printing speed. This model was further expanded by Serdeczny
et al. [56] who included a pseudo-plastic constitutive behavior;
however, it was found to have a negligible influence on the strand
shape. Despite the recent interest in the modeling of the deposition
flow in material extrusion AM, most of the numerical models lack
experimental validation.

In this paper, we use an experimental procedure to validate the
predictions of the strand morphology obtained by CFD simulations. We
compare the simulated strand cross-sections to experimental measure-
ments, for different printing conditions. The influence of the layer
height and the printing speed on the cross-sectional profile of the ex-
truded strand is experimentally verified. The numerical model simu-
lates an isothermal deposition flow of a Newtonian fluid and reveals the
first-order effects of the influence of printing conditions on the strand
morphology. An overview of the experimental setup and the numerical
model is given in Section 2. The numerical predictions and the ex-
perimental measurements of the strand cross sections are quantitatively
compared in Section 3. We conclude and summarize the results of our
study in Section 4.

2. Methodology

2.1. Experimental measurements

The experiments were conducted using an open-source desktop
3D-printer (BQ Hephestos 2) with a nozzle diameter of 0.4 mm, see
Fig. 1. We used a polylactic acid (PLA) feedstock filament and the
extrusion temperature of 200 °C. Even though the extrusion tem-
perature has an effect on the viscosity of molten thermoplastics, it
was not varied in this study, since a previous numerical study [56]
has shown that changes in the dynamic viscosity have neglible
impact on the strand shape. The strands were printed directly on a

Fig. 1. Assembly model of the BQ Hephestos 2 3D-printer (a), close-up view of the printing head (b), and feeding mechanism of the filament (c). The assembly CAD
model is available at [57].
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planar substrate that was at room temperature. For the sake of
comparison, we investigated the same range of printing conditions
as in [55]. The values of the printing parameters are provided in
Table 1. All the toolpaths of the printing head were written
manually in the G-code. Each printed strand was cut through their
cross-sections, perpendicular to the printing direction. The cross-
sections were grinded on a rotating machine using an abrasive disk
with granulation 4000 and were examined under an optical mi-
croscope with a magnification of 200× . The contours of the
strands’ cross-sections were extracted from the micrographs by
image analysis with MATLAB. The measurement accuracy was
about 5 μm. However, the main sources of errors in the experiments
came from the uncertainty in the positioning of the printing head
and in the control of the filament feeding rate. Therefore, we es-
tablished a calibration procedure to correct systematic errors in the
filament feeding rate and in the vertical position of the printing
head, as described below.

The calibration procedure began with the correction of the filament
feeding rate. The nominal values of the filament feeding rate set in the
G-code were adjusted to obtain the desired cross-sectional areas of the
strand. The filament feeding rate Vf relates to the extrusion volumetric
flux U (i.e. the average velocity inside the nozzle) as:

=U D C V
D

4 4f f

f2 2

(1)

where D and Df are the internal diameter of the nozzle and the dia-
meter of the feeding filament, respectively; and Cf is a calibration
factor that we wished to determine. The calibration factor amends
the volume conservation to compensate for the lumped effect of the
thermal expansion inside the nozzle, as well as other sources of er-
rors in the filament feeding rate, due to the uncertainty in the ef-
fective radius of the feeding gears (see Fig. 1c), and the possible
slippage of filament [58]. Furthermore, the nominal area of the
strand cross-section A relates to the extrusion volumetric flux and the
printing head velocity V as

=VA U D
4

2

(2)

The comparison of the measured cross-sectional areas of printed
strands with the expected nominal values yielded a calibration
factor that varied from 1.01 to 1.33. The average value was 1.18 for
all the printing conditions, and it was used in all the subsequent
extrusions.

In the second stage of the calibration procedure, the vertical
position of the printing head was corrected. For that purpose, a

single strand was printed with a varying gap height between the
nozzle and a stationary substrate, as depicted in Fig. 2. The printing
head was moving along a straight line with a constant velocity V
=15mm/s, while continuously descending towards the substrate.
The gap height was set in the G-code to vary from 2.5D, at the be-
ginning of the strand, to 0.6D, at the end of the strand. The strand
was printed along a total length of 190 mm, resulting in a very small
angle between the trajectory of the printing head and the substrate,
such that the material deposition was close to the steady printing
conditions. Subsequently, the printed strand was sliced every 10 mm
to examine the cross-sections at different positions, thereby different
gap heights. Fig. 3 shows the measured strand heights (normalized
by the nozzle diameter) versus the position along the strand, together
with the uncorrected gap height set in the G-code (also normalized).
We notice that the strand height was abnormally low compared to
the gap setting. Moreover, the strand height varied with a lower
slope along the printing direction than what we would expect from
the prescribed gap height. These observations revealed an error in
the parallelism of the X-axis of the machine with the planar sub-
strate. As a result, we measured a variable offset of the vertical

Table 1
Printing parameters in the experiments.

Variable Symbol Unit Value

Gap height (nozzle position above the
substrate)a

g mm 0.48, 0.40, 0.32, 0.24,
0.16

Nozzle diameter D mm 0.4
Normalized gap height g/D – 1.2, 1.0, 0.8, 0.6, 0.4
Extrusion volumetric flux (average

velocity inside the nozzle)*
U mm/s 20

Printing head velocity V mm/s 20, 15, 10
Normalized printing head velocity V/U – 1.0, 0.75, 0.5
Feedstock filament diameter Df mm 1.75 ± 0.05
Extrusion temperature T °C 200

a Values after the calibration procedure.
Fig. 2. Printing of a strand with a varying gap height for the calibration of the
vertical position of the printing head.

Fig. 3. Measured normalized strand heights in the different cutting planes, and
uncorrected normalized gap height specified along the printing direction.

M.P. Serdeczny et al. Additive Manufacturing 24 (2018) 145–153

147



position (Z-axis) of the printing head along the X-axis. The offset was
corrected at one reference point by adding a constant correction to
the prescribed position of the printing head in the G-code. The re-
ference point of the calibration was chosen at the location where the
measured strand height H equaled 0.8D because the ratio g/D = 0.8
corresponded to the middle value of the gap height in our in-
vestigations. The value of the offset correction at that reference point
is given by the difference between the specified gap height and the
measured strand height, as shown in Fig. 3. Our experiments did not
require further corrections, as all the subsequent measurements of
the strand cross-sections were realized at the same reference point.
After the calibration, the strands were printed for all the combina-
tions of the gap heights and the printing speeds specified in Table 1.
To ensure repeatability of the process, three strands were extruded
individually for each printing condition.

2.2. Numerical simulations

The CFD model used in this paper is based on the previous work
of Comminal et al. [55]. The material deposition was simulated
with the CFD software ANSYS® Fluent R18.2 [59]. The numerical
model simulated the flow of a molten material in the region be-
tween the nozzle and substrate. For simplicity, we modelled the
extrusion nozzle as a cylinder with diameter D (see Fig. 4), which is
slightly different than in the experiment (see Fig. 1b). The nozzle
was kept stationary while the substrate moved with the constant
velocity V. In a steady extrusion, the two opposite configurations,
where the nozzle moves and the substrate is fixed, and vice versa,
are equivalent. The vertical gap between the nozzle orifice and the
planar substrate was denoted g and can be also understood as the
layer height. Only half of the physical domain was simulated, as the
flow was symmetrical with respect to the plane cutting through the
middle of the nozzle in the direction of printing. A no-slip boundary
condition was applied on the substrate and at the walls of the
nozzle. All the remaining boundaries of the model were prescribed
outlet boundary conditions, where the material was free to exit. As
the model focuses on capturing the first order effects of the de-
position flow conditions (the gap height and the velocity ratio) on
the strand shape, we simplified the physics with the following as-
sumptions:

• The deposition flow was considered isothermal, as we assumed that
the density dependency on the fluid temperature (e.g. due to
thermal shrinkage) has a secondary effect on the strand shape.
• Inertial effects were negligible, which means that the material ex-
trusion was in the creeping flow regime (the Reynolds number was
below 1). For such flow, the actual values of the density ρ and
viscosity μ did not affect the results of the simulations (they were set
to 1000 kg/m3 and 1000 Pa·s, respectively; and with those values,
the Reynolds number had a magnitude of 10−5).
• We modelled the fluid with a constant viscosity, as a previous
numerical study has shown that including the shear thinning
behavior in the material extrusion process has no significant in-
fluence on the strand cross-sectional shape, in a creeping flow
regime [56]. Likewise, the dependency of the dynamic viscosity
on the temperature was assumed to have a negligible effect on the
strand shape.

Providing these assumptions were fulfilled, the deposition flow
was fully determined by the geometrical ratio g/D and the velocity
ratio V/U of the model’s boundary conditions, where U was the
average velocity specified at the inlet of the nozzle (i.e. the

extrusion volumetric flux). The geometrical ratio g/D characterized
the gap between the extrusion nozzle and the substrate with respect
to the nozzle diameter. The velocity ratio V/U characterized the
relation of the printing speed to the extrusion volumetric flux.
Consequently, the results of the numerical simulations are re-
presentative for many of the materials commonly used in material
extrusion AM (for instance PLA and ABS). After the extrusion, the
material was subjected only to the gravitational force, which was
too small to cause any further deformations of the strand shape.

The geometry was meshed with tetrahedral elements with a max-
imum normalized edge length of δl/D = 0.03, which refined the results
previously published in [55]. The coupled pressure-velocity solver with
the implicit time-marching discretization was chosen to solve the gov-
erning equations of the flow (i.e. the conservation of mass and mo-
mentum). The free surface of the extruded material was computed with
the coupled volume-of-fluid/level-set method. More information about
the volume-of-fluid and the level-set methods can be found in [60–63].
The transient simulations were run until the solutions had reached a
steady state. Further details about the numerical model used in this
work can be found in [55].

3. Results and discussions

In this section, the measured cross-sections of the strands for the
different printing conditions are compared with the results of the
numerical simulations. Fig. 5 represents perspective views of the
extruded strand simulated for two different printing conditions. We
can see that the numerical simulations predict different morpholo-
gies of the deposited strand, depending on the gap height and the
extrusion flow rate. Figs. 6–8 show the cross-sectional shapes of the
strands for all the normalized gap heights and the velocity ratios
specified in Table 1. The first column in the figures show the cross-
sectional profiles captured at the outlet boundary of the numerical
simulations. The next three columns show micrographs of the strand
cross-sections, measured on three independent extrusions with the
same printing conditions. We can see that the experimental ob-
servations are repeatable.

For all the measurements, decreasing the gap height deforms the
strand and changes its shape from an oval (for a large gap height), to
a flat cuboid with rounded corners (for a small gap height). For the
large normalized gap height (g/D =1.2) and the high substrate

Fig. 4. Geometry of the numerical model [55].
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velocity ratio (V/U =1), the extruded material is not affected by the
presence of the nozzle. A slight flattening of the shape is observed,
due to the change of the flow direction, from vertical when it leaves
the nozzle, to horizontal when it is deposited on the substrate. For g/
D <1, decreasing the gap height enhances the side flow and forces
the extruded strand to change its shape in order to keep a constant
cross-sectional area (due to mass conservation). This underlines the

fact that, for some process parameters, the approximation of a cir-
cular or elliptic strand cross-section may not be accurate, as also
suggested in [55]. Decreasing the velocity ratio leads to an increase
in the cross-sectional area of the strand as more material is deposited
per unit distance of the strand (the extrusion volumetric flux is
constant). Generally, the numerical simulations capture well the first
order effect of this flattening of the strand due to the change of

Fig. 6. Simulated and measured cross-sectional shapes of the strand for V/U=1. The black lines represent the geometry and the position of the extrusion nozzle,
behind the observation plane.

Fig. 5. Perspective views of the simulated strand deposition,
for a large normalized gap height g/D=1.2 and a high ve-
locity ratio V/U=1 (left); and a small normalized gap height
g/D=0.6 at a low velocity ratio V/U=0.5 (right). (For the
sake of visualization, the simulation domain is mirrored along
the symmetry plane.).
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processing conditions. Slight differences between the simulations
and the measurements occur for the very small normalized gap
height and the low velocity ratio (g/D = 0.4 and V/U ≤ 0.75), which
is attributed to the differences in the external shape of the nozzle
between the simulations and experiment (see Fig. 1b and Fig. 4). The
external conic shape of the nozzle (in the experiments) allows more
upward flow of the extruded material as compared to the cylindrical
nozzle with a flat bottom face (in the numerical model). Never-
theless, this combination of parameters (g/D= 0.4 and V/U
≤=0.75) is outside the typical range of the processing parameters
used in material extrusion AM.

The quantitative comparison of the dimensions of the strand
cross-sections measured in the experiments and in the simulations is
presented in Fig. 9. The graphs represent the heights H and widths W
of the strands, normalized by the diameter of the nozzle. The influ-
ence of the printing conditions (i.e. the ratios V/U and g/D) on the
strand dimensions follows the trends of the numerical predictions.
Discrepancies between the simulations and the experiments are
mainly observed for the small normalized gap height and the low
velocity ratio, as mentioned earlier. The comparison of the aspect
ratio W/H and the compactness of the strand cross-sections (defined
as the area of the strand cross-section A divided by W·H) are also

represented in Fig. 10. The numerical model provides good predic-
tions of the strand aspect ratio and the compactness in the common
range of the gap height, 0.6 ≤ g/D ≤ 0.8. A slight discrepancy is
observed for the normalized gap height g/D =1.0, at the velocity
ratios V/U = 1.0 and V/U =0.75. Those deviations come from a
small peak on the top of the cross-section shape, seen in the simu-
lations, which is artificially caused by the contact of the extruded
material with the bottom surface of the nozzle.

For the sake of comparison, an idealized approximation of the
strand cross-section based on the volume conservation is also re-
presented in Figs. 9 and 10. The idealized approximation assumes
an elliptic cross-section with the strand height equal to the gap
height, if the resulting aspect ratio W/H is below 1, otherwise it
assumes a circular cross-section [55]. Overall, it can be seen that
the numerical model predicts the strand height and width more
accurately than the idealized solution. The simulations give also
more accurate predictions of the strand aspect ratio and compact-
ness. Finally, both the simulations and experiments show that for
the common velocity ratio, i.e. V/U =1.0, the choice of the nor-
malized gap height g/D =0.6 is preferable to maximize the com-
pactness of the strand.

Fig. 7. Simulated and measured cross-sectional shapes of the strand for V/U=0.75. The black lines represent the geometry and the position of the extrusion nozzle,
behind the observation plane.
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Fig. 9. Comparison of the simulated and measured height (top) and width (bottom) of the strand cross-sections.

Fig. 8. Simulated and measured cross-sectional shapes of the strand for V/U=0.5. The black lines represent the geometry and the position of the extrusion nozzle,
behind the observation plane.

M.P. Serdeczny et al. Additive Manufacturing 24 (2018) 145–153

151



4. Conclusions

For the first time, we have validated experimentally a numerical
model, which predicts the strand cross-section in material extrusion
AM. The 3D printer had to be calibrated for a proper control over the
printing conditions during the experiments. The cross-sections of
printed strands were measured by optical microscopy. The CFD simu-
lations resolve the three-dimensional flow of the material extruded
from the nozzle and deposited on a planar surface. The numerical si-
mulations capture well the changes in the strand shape for the different
printing conditions (i.e. the velocity ratio and the normalized gap
height), despite the fact that the model does not include the viscoelastic
effect and the temperature-dependent material properties of the ther-
moplastic feedstock. The cross-section of the strand changes from being
almost circular to an elongated rectangular shape with rounded edges,
when the gap height is reduced or when the velocity ratio is decreased.
Slight discrepancies between the measurements and the simulations
were found for the very small normalized gap height (g/D=0.4) and
the small velocity ratio (V/U ≤ 0.75), where the external geometry of
the nozzle influences the side flow of the extruded material. However,
these printing conditions are very rarely used in practice. On the other
hand, in the common window of the process parameters (0.6< g/
D<0.8 and V/U=1.0), the numerical model provides better predic-
tions of the strand shape than the idealized elliptical cross-section.
Therefore, the proposed CFD model is a good candidate for further
developments of high-fidelity numerical simulations of the strand de-
position in material extrusion AM.
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A B S T R A C T

A computational fluid dynamics model is used to predict the mesostructure formed by the successive deposition
of parallel strands in material extrusion additive manufacturing. The numerical model simulates the extrusion of
the material onto the substrate. The model takes into account the effect of the presence of the previously ex-
truded material on the shape of the subsequently deposited strands. The simulated mesostructures are compared
to optical micrographs of the mesostructures of 3D-printed samples, and the predictions agree well with the
experiments. In addition, the influence of the layer thickness, the strand-to-strand distance, and the deposition
configuration (with aligned or skewed layers) on the formation of the mesostructure is investigated. The si-
mulations provide detailed information about the porosity, the inter- and intra-layer bond line densities, and the
surface roughness of the mesostructures, which potentially can be used in a model-based slicing software.

1. Introduction

Material extrusion Additive Manufacturing (AM) [1] (also known as
fused filament fabrication and fused deposition modeling) is one of the
most popular 3D printing techniques [2,3]. During fabrication, a strand
of material is deposited along a predefined toolpath, which builds the
object layer by layer. This process has been widely used for rapid
prototyping and tooling, and its potential applications start reaching
fields, such as the aerospace industry [4], biomedical sciences [5] and
civil engineering [6], where highly customable products with complex
geometries are desirable. Material extrusion AM technologies have al-
ready been developed for a wide range of materials, including fiber-
reinforced thermoplastics [7], ceramic pastes [8,9], concrete [6,10],
and hydrogel suspensions of living cells [11,12].

The parts manufactured with material extrusion AM have usually
lower mechanical properties than with conventional polymer proces-
sing [13,14], because of the presence of pores in the internal mesos-
tructure formed by the deposited strands [15–17]. The bonding areas
between the strands are the weak points of the mesostructure, where a
mechanical failure is likely to occur [13,18]. The porosity and the
bonding areas depend on the layer thickness, the strand-to-strand dis-
tance and the printing speed, as those parameters influence the cross-
sectional shape of the extruded stands [19–24]. Furthermore, the me-
sostructure of the fabricated component is typically anisotropic, which
causes the dependency of the mechanical strength on the build

orientation and the tool path [13,25–28]. In addition, the layered de-
position of material determines the surface finish and the build time of
the part [29–32]. For instance, a small layer thickness improves the
surface roughness, but leads to a higher build time [13,28]. Thus, many
experimental studies have focused on finding optimal combinations of
the process parameters [33–35].

In complement to experimental studies, numerical simulations can
deliver a vast amount of information about the process and have proven
to be a predictive tool in the analysis of different manufacturing
methods [36–39]. In the context of material extrusion AM, the extru-
sion flow has been investigated using two-dimensional [40–42], and
three-dimensional Computational Fluid Dynamics (CFD) simulations
[43–48]. Du et al. [43] and Xia et al. [45] have simulated the deposition
of successive strands on top of each other, to predict their cooling time
and the inter-layer contact area. Comminal et al. [46] have simulated
the deposition of a single strand and investigated the dependency of its
cross-sectional shape on the layer thickness and the printing speed. The
CFD model was subsequently validated by experimental measurements
in [49]. In addition, the work in [49] has also shown that there are
discrepancies between the measured cross-sections and the analytical
approximations that are used in slicer algorithms. The CFD model of
Comminal at al. [46] was also used to investigate the influence of the
shape of the extrusion nozzle on the strand cross-section [50], as well as
the impact of the printing head acceleration profiles on the shape of the
strand at corners [51]. The microarchitecture of porous scaffolds was
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simulated by Gleadall et al. [24], using a three-dimensional voxelised
volume conservation model. To the authors’ knowledge, the mesos-
tructure formation in material extrusion AM has never been simulated
with CFD models.

This paper presents a methodology to simulate the deposition of
multiple layers of parallel strands forming a representative volume
element of the mesostructure. Toolpaths with parallel strand deposition
are typically used for contouring the shell of the components, and for
printing the horizontal surfaces. The simulations of the strand deposi-
tion take into account the influence of the presence of the previously
deposited material on the morphology of subsequently extruded
strands. The mesostructures predicted by the numerical simulations are
used to evaluate the porosity, the inter- and intra-layer bond line
densities, and the surface roughness of the representative volume ele-
ment. The influence of the layer thickness and the intra-layer strand-to-
strand distance is investigated for two deposition configurations, with
aligned and skewed layers. The remaining structure of this paper is as
follows. The computational model and the numerical methods of the
simulations are presented in Section 2. The simulated mesostructures
for the different processing parameters are shown and discussed in
Section 3. Section 4 summarizes the conclusions of the study.

2. Methods

2.1. Computational model

The extrusion and deposition of the strands was simulated with a
CFD model. Fig. 1 (left) shows the geometry of the numerical model
when the deposition of the first strand was simulated. The molten
material entered the cylindrical nozzle with an average velocity U. The
nozzle had a diameter D and was placed above a substrate at a distance
t, corresponding to the layer thickness. For the deposition of the first
strand, the substrate was a flat surface representing the build plate of a
3D printer. The substrate was moving with respect to the nozzle with a
constant velocity V, which was the printing speed. The material that
was extruded onto the moving substrate was conveyed towards the
outlet boundary of the calculation domain.

The deposition of the subsequent strands was simulated sequen-
tially. For the deposition of each next strand, the previously extruded
strands were now part of the substrate, see Fig. 1 (right). At the end of
each simulation, the cross-section of the latest deposited strand was
measured at the outlet boundary. The strand cross-section was then
extruded through the entire computational domain, to create a solid
body that was merged with the previous substrate. Finally, the geo-
metry of the new substrate was translated horizontally (for the de-
position of an adjacent strand) or vertically (for the deposition of a new
layer), according to the deposition planning of the strands.

Two deposition configurations were considered: the aligned and
skewed cases; see Fig. 2. In both cases, each layer consisted of a regular
array of strands, periodically deposited with the strand-to-strand

distance s. In the aligned case, the layers were laid on top of each other
with the same pattern. For the skewed case, the layers were staggered
with an interval of s/2. In total, the deposition of 4 layers containing 4
strands each was simulated. The deposition order of the 16 strands is
indicated in Fig. 2. In the skewed case, three additional strands (colored
in grey in Fig. 2) were placed onto the substrate, in order to support the
subsequent layers. The deposition of those additional strands was not
simulated and their cross-sections were duplicated from the previously
laid strands, as indicated with arrows in Fig. 2.

The deposition flow is governed by the Navier-Stokes equations,
which account for the conservation of mass and momentum. In addi-
tion, the following assumptions were made in the model:

• The molten material fully adhered to the substrate, the previously
deposited material, and the nozzle walls. No-slip boundary condi-
tions were applied on those solid surfaces.

• The fluid had a constant density. It was assumed that the thermal
shrinkage had a secondary effect on the morphology of the formed
mesostructure, as compared to the influence of the previously de-
posited strands on the subsequently extruded material. This as-
sumption is similar to [24].

• The fluid had a constant viscosity. It has been shown in a previous
study [52] that the variations in the dynamic viscosity of the fluid
have a negligible influence on the strand morphology, as long as the
flow is in the creeping flow regime (i.e. the Reynolds number Re is
below 1), which is typically the case in material extrusion AM.

• The extruded material solidified after the deposition, but the model
did not solve for the energy equation and the solidification. The
material from the previously extruded strands was included as a
rigid solid during the simulations of the subsequent strands de-
position. It was assumed that the reheating of the previously de-
posited strands by the newly extruded material is a local effect that
does not influence their shapes, as polymers typically have a low
thermal conductivity. On the other hand, the presence of the soli-
dified strands influences the deposition of subsequently extruded
material, which affects the formation of the mesostructure. This
assumption is similar to [24].

The printing parameters, and the material properties of the nu-
merical model are summarized in Table 1. The values of the layer
thickness were chosen identical to those of our previous numerical and
experimental studies [49]. The strand-to-strand distance was varied to
investigate the influence of the presence of solidified material on the
shape of subsequently deposited strands and the formation of the me-
sostructure. The values of the density and viscosity of the simulated
fluid are also listed in the table. However, their actual values have a
negligible influence on the results, as long as the flow remains in the
creeping regime (Re < 1). Thus, the deposition flow was entirely
parametrized by three dimensionless characteristic quantities: the
normalized layer thickness t/D, the normalized strand-to-strand

Fig. 1. Geometry of the computational domain. Simulation of the first strand deposition (left); and the subsequent strand deposition (right).
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distance s/D and the velocity ratio V/U. The normalized layer thickness
and strand-to-strand distance parametrize the geometry of the model.
The velocity ratio (kept constant within this study) quantifies the
amount of extruded material with respect to the printing speed. The
numerical results will also be presented in non-dimensional forms,
where all lengths are normalized by the nozzle diameter. Therefore, the
results are equally valid for different nozzle diameters and printing
speeds, as long as the dimensionless quantities t/D, s/D and V/U of the
simulated cases are unchanged.

2.2. Principles of the numerical simulations

The flows were simulated with ANSYS Fluent R18.2. The compu-
tational domains were discretized with a structured Cartesian cut-cell
mesh, and the governing equations of the flow were discretized with a
collocated finite volume method. An example of the mesh used in one of

the simulations is represented in Fig. 3. The maximum size of the
control volumes was globally set to 20 μm and refined to 10 μm, in the
region where the strand was deposited. The transient flows were solved
with the implicit coupled pressure-velocity scheme. The free-surface
flow was simulated as a two-phase flow of the molten plastic and the
surrounding air, and their interface (i.e. the free-surface of the molten
plastic) was tracked with the coupled level-set / volume-of-fluid
method [53–55]. The deposition flows reached steady states in about
0.6 s, which is when the numerical results were registered. More details
about the numerical method can be found in our previous publication
[46].

2.3. Post-processing calculations

After the simulations, the contours of the strands were extracted
from the numerical results and analyzed in Matlab. The mesostructures

Fig. 2. Deposition order of the strands, for the aligned and skewed cases. The strands marked in grey (skewed case) are duplicates of the previously laid strands, as
indicated by the arrows. The dashed lines represent the channel of the extrusion nozzle.

Table 1
Summary of the simulation parameters used in the different cases.

Dimensional parameters

Variable Symbol Unit Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Layer thickness t mm 0.24 0.32 0.4
Strand-to-strand distance s mm 0.56 0.58 0.40 0.48 0.4 0.46
Deposition configuration – – Aligned / Skewed
Nozzle diameter D mm 0.4
Average velocity inside the nozzle U mm/s 20
Printing head velocity V mm/s 20
Density ρ kg/m3 1000
Dynamic viscosity η Pa·s 1000

Non-dimensional parameters

Variable Symbol Unit Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Normalized layer thickness t/D – 0.60 0.80 1.00
Normalized strand-to-strand distance s/D – 1.40 1.45 1.00 1.20 1.0 1.15
Velocity ratio V/U – 1.0
Reynolds number Re = ρUD / η – ∼ 10−5

Fig. 3. Example of Cartesian cut-cell mesh used in one of the simulations: isometric perspective view (left) and cut view through a vertical middle plane of the nozzle
(right).
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were obtained by combining the contours of all the deposited strands.
Examples of the resulting mesostructures are shown in Fig. 4, for the
aligned and skewed deposition configurations. The porosity, the surface
roughness, and the bond line densities were calculated as follows:

• The porosity corresponds to the area fraction of the pores inside the
representative volume element delimited by the black dashed lines
in Fig. 4. In the cases of the aligned deposition configuration, the
representative volume element was a rectangle, while it was a
skewed box, in the cases of the skewed deposition configuration; see
Fig. 4. The vertices delimiting the edges of the representative vo-
lume elements were located at the centers of the strands that were
deposited at the extremity of the mesostructures. In this way, edge
effects were avoided in the calculations of the porosity.

• The surface roughness of the horizontal and vertical edges of the
mesostructures were evaluated with the arithmetic mean deviation
Ra with respect to the mean line of the profile. The mean line for
each profile was calculated such that the sum of areas enclosed by
the profile above the mean line was equal to the sum of those below
the mean line. The horizontal and vertical profiles used for the
calculation of the surface roughness are respectively highlighted in
blue and red in Fig. 4. Note, that the surface roughness was only
estimated for the aligned deposition, as the skewed configuration is
usually applied for the infill of the part. The surface roughness was
calculated as:
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where yi is the distance of the sampling points from the mean line, and n
is the total number of sampling points. The sampling points were
equally spaced along the profiles, by piecewise polynomial interpola-
tions.

• The bond line densities were calculated separately for the horizontal

(inter-layer) and vertical (intra-layer) surfaces. The inter-layer (or
intra-layer) bond line density ρH (or ρV) corresponds to the sum of
the lengths of the bond lines projected on the horizontal (or vertical)
plane, divided by the width W (or height H) of the representative
volume element and the integer NL-1 (or NA-1):
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where P l( )H k and P l( )V k are the lengths of the kth bond line lk projected
on the horizontal and vertical plane, respectively. NL is the number of
layers and NA is the number of adjacent strands per layer, excluding the
duplicated one. M is the total number of bond lines inside the re-
presentative volume element. When a bond line intersected the
boundary of the representative volume element, the horizontal and
vertical projections only took into account the sections of the bond lines
that were inside the representative volume element. The horizontal and
vertical projections of the bond lines are illustrated in Fig. 5.

3. Results and discussions

3.1. Comparison with experimental measurements

The mesostructures predicted by the numerical simulations were
compared with the cross-sections of parts fabricated with material ex-
trusion AM. Four PLA specimens were manufactured with a desktop 3D
printer (BQ Hephestos 2). The processing parameters were selected
such as to obtain mesostructures for which the contour of the strands
were distinguishable and the formation of voids was observable. After
the fabrication, the samples were cut through a plane orthogonal to the
printing direction. The cross sections were polished and examined
under an optical microscope. The comparison of the simulated mesos-
tructures with the experimental observations is presented in Fig. 6. The
predicted mesostructures agree qualitatively well with those observed
in the experiments. For the aligned configuration, the pores have a
diamond shape. For the skewed configuration, the shape of the pores
depends on the strand-to-strand distance. When the strand-to-strand
distance is larger than the strand width, the pores have an hourglass
shape. On the contrary, when the strand-to-strand distance is smaller
than the strand width, the hourglass shape of the pore is broken into
two triangular pores.

The micrographs were also analyzed quantitatively, and the com-
parison of the measured and simulated porosities, and bond line den-
sities is reported in Table 2. The porosities were determined through
image analysis, based on the difference of pixels’ color between the
strands and voids. It can be seen that the measured values compare wellFig. 5. Illustration of the vertical and horizontal projections of the bond lines.

Fig. 4. Examples of mesostructure used in the post-processing calculations. W and H are the width and height of the representative volume element, respectively.

M.P. Serdeczny, et al. Additive Manufacturing 28 (2019) 419–429

422



with the simulation results. This shows that the assumptions under-
taken when solving the flow equations are reasonable for the prediction
of the porosity. The bond line densities were measured manually from
the micrographs. In most of the cases, the agreement between the
measured bond line densities and the numerical results is good. How-
ever, for some particular cases (t/D = 1.0, s/D = 1.0 and t/D = 0.8, s/D
= 1.2 with the aligned deposition configuration) discrepancies oc-
curred. In those situations, the bond line densities are very sensitive to
the strands’ cross-sectional area, and a slight increase in the strands’
area can lead to the formation of a bond line (with a positive length),
instead of a punctual contact (with zero length). Therefore, in those
specific cases, an improved agreement with the experiments might have
been obtained by including thermal shrinkage of the material into the
simulations. Even so, overall the comparison with experimental mea-
surements showed that the model is capable of predicting the influence
of the printing parameters on the mesostructure formation in material
extrusion AM.

3.2. Influence of the printing parameters on the mesostructure

3.2.1. Strand morphology
The cross-sections of all the simulated mesostructures with the

aligned deposition configuration are shown in Fig. 7. In the cases 2, 4
and 6 of the aligned deposition configuration, the strand-to-strand
distance is close to or larger than the strand width. This leads to little or
no contact between the printed strands within the same layer. It can be
seen that decreasing the layer thickness flattens the strands, by virtue of
the volume conservation (constant density assumption), while the pore
size decreases. In the cases 1, 3 and 5 of the aligned deposition con-
figuration, the neighboring strands are more compact and have larger
intra-layer bonds, as the values of the strand-to-strand distances were
smaller than the width of the strands. In these cases, the presence of the
previously extruded material has an influence on the morphology of the
subsequently deposited strands. Thus, the mesostructure is affected by
the order of deposition of the strands.

Fig. 6. Qualitative comparison of the simulated (left) and measured (right) mesostructures for different printing parameters.

M.P. Serdeczny, et al. Additive Manufacturing 28 (2019) 419–429

423



Fig. 8 represents all the simulated mesostructures with the skewed
deposition configuration. The shapes of the strands depend on the layer
thickness and the strand-to-strand distance, as for the aligned deposi-
tion. The strand cross-sections become wider when the layer thickness
is decreased, because of the volume conservation. Moreover, when the
strand-to-strand distance is smaller than the strand width, the strand
cross-sections are asymmetrical and dependent on the order of de-
position. In addition, the strands in the top layers have a more circular

shape than the strands in the bottom layers. This occurs because the
actual distance between the nozzle orifice and the already deposited
material becomes larger and eventually exceeds the specified layer
thickness as more layers are deposited, because the skewed strands get
accommodated in the gaps of the previous layer. To avoid this effect,
the layer thickness would need to be reduced by the difference between
the actual gap and layer thickness.

Table 2
Quantitative comparison of porosity and bond line densities between simulated and measured mesostructures.

t/D [-] s/D [-] Configuration Porosity [-] Bond Line Density [-]

Horizontal Vertical

Simulated Measured Simulated Measured Simulated Measured

1.0 1.0 Aligned 0.14 0.15 ± 0.03 0.44 0.30 ± 0.01 0.38 0.22 ± 0.01
0.8 1.2 Aligned 0.10 0.10 ± 0.02 0.60 0.58 ± 0.02 0.44 0.26 ± 0.01
1.0 1.0 Skewed 0.08 0.06 ± 0.01 0.32 0.37 ± 0.01 0.45 0.50 ± 0.01
1.0 1.15 Skewed 0.13 0.11 ± 0.03 0.29 0.30 ± 0.01 0.26 0.31 ± 0.01

Fig. 7. Simulated mesostructures for the aligned deposition configuration. The representative volume element for the calculation of the porosity and the bond line
density is represented by the black dashed lines.
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3.2.2. Porosity
The results of the porosity predictions for the different mesos-

tructures are presented in Fig. 9. The porosity increases with the strand-
to-strand distance and the layer thickness. Moreover, the skewed de-
position configuration led to lower porosities than for the aligned
configuration, except in Case 1 (t/D = 0.6, s/D = 1.4), where both

deposition configurations resulted in a very low porosity. Furthermore,
the differences of porosity between the skewed and the aligned de-
position configurations become more apparent for the larger layer
thickness. Within the range of the investigated parameters, Case 1 (t/
D = 0.6, s/D = 1.4) yielded the lowest porosity, for both of the aligned
and the skewed deposition configurations.

Fig. 8. Simulated mesostructures for the skewed deposition configuration. The representative volume element for the calculation of the porosity and the bond line
density is represented by the black dashed lines. The grey color indicates the duplicated strand contours.

Fig. 9. Porosity of the simulated mesostructures.
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3.2.3. Bond line densities
The horizontal (inter-layer) and vertical (intra-layer) bond line

densities of the different simulated cases are presented in Fig. 10. The
variations in the bond line densities with respect to the processing
parameters t/D and s/D show the inverse trends as for the porosity. The
horizontal and vertical bond line densities decrease when the strand-to-
strand distance or the layer thickness increases. When the layer thick-
ness is decreased, the flattening of the strand results in a larger surface
for the horizontal (inter-layer) bonds. The vertical (intra-layer) bonding
is also enhanced when the strand width increases above the strand-to-

strands distance, because the extruded material tends to fill the pores.
In general, the skewed configuration led to larger intra-layer bond line
densities, except in Case 1, where both configurations provided a large
intra-layer bond line density. The horizontal bond line density seems
independent on the deposition configuration, except in the cases with
the large layer thickness (t/D = 1.0), where the aligned configuration
yielded longer horizontal bond lines.

3.2.4. Surface roughness
The vertical and horizontal surfaces of the simulated mesostructures

Fig. 10. Vertical (intra-layer) and horizontal (inter-layer) bond line densities of the simulated mesostructures.

Fig. 11. Vertical surface roughness of the mesostructures (aligned deposition configuration).
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are represented in Figs. 11 and 12, respectively. The arithmetic average
roughness Ra of the profiles are compared in Fig. 13. The numerical
results show that decreasing the layer thickness improves the surface
quality of both the vertical walls and the horizontal surfaces. Smoother
vertical walls are obtained by changing the shape of the strands from
being circular to oblong, when decreasing the layer thickness. The in-
fluence of the layer thickness on the horizontal surface roughness can

be seen when comparing Case 3 (t/D = 0.8, s/D = 1.0) and Case 5 (t/
D = 1.0, s/D = 1.0), which have the same strand-to-strand distance,
but different values of the layer thickness. In these cases, the lower
roughness of the horizontal surface is also due to the flattening of the
strands’ cross-sections. The roughness of the horizontal surfaces are also
reduced by decreasing the strand-to-strand distance, which forces the
extruded material to fill the intra-layer cavities. On the other hand, the
vertical surface roughness is weakly dependent on the strand-to-strand
distance, as this parameter mostly affects the intra-layer bonds of the
strands at the interior of the part, rather than the vertical external
surfaces.

4. Conclusions

This work presents a methodology using a computational fluid dy-
namics to simulate the mesostructure formation in material extrusion
AM. The model takes into account the presence of the previously ex-
truded material, which affects the deposition flow and the shape of
subsequently extruded strands. The deposition of parallel strands in two
different configurations, with aligned and skewed layers, was simu-
lated. The influence of the layer thickness and the strand-to-stand dis-
tance on a representative volume element of the mesostructure was
investigated. The simulated mesostructures agreed well with the ex-
perimental observations. It was found that both the layer thickness and
the strand-to-stand distance influence the shapes of the strands and the
formation of pores. The newly deposited strands can get significantly
distorted by the presence of already deposited material, when the
strand-to-strand distance is smaller than the strand width. The distor-
tions in the cross-sectional shape of the strands, which depend on the
order of their deposition, affect the formation of the mesostructure. The
numerical results were used to predict the influence of the processing
parameters on the porosity, the inter- and intra-layer bond line den-
sities, and the surface roughness. The simulations showed that de-
creasing the layer thickness and the strand-to-strand distance leads to
smaller porosity and larger inter- and intra-layer bond line densities.
The advantage of the skewed configuration, i.e. a reduction of porosity,
increases with the layer thickness. The surface roughness of the vertical
and horizontal walls are improved by decreasing the layer thickness.
Decreasing the strand-to-strand distance also reduces the roughness of
the horizontal surfaces. The quantitative predictions of the porosity, the
bond line densities and the surface roughness open the possibility of
performing numerical optimizations of the process parameters.
Furthermore, the knowledge gained from the simulations can be used to
create toolpath algorithms with more accurate geometrical re-
presentations of the strand profiles.

Fig. 12. Horizontal surface roughness of the mesostructures (aligned deposition
configuration).

Fig. 13. Surface roughness of the simulated mesostructures with the aligned deposition configuration.
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A B S T R A C T

Material extrusion additive manufacturing utilizes a thermoplastic polymer in the form of a solid filament as a
built material. The polymer melts inside the hot-end channel and flows under the pressure generated by the
filament feeding force. The flow of polymer through the hot-end is not fully understood yet, as it involves many
complex phenomena, such as phase transition, shear rate and temperature dependent viscosity, as well as vis-
coelastic effects. In this paper, we investigate experimentally the filament feeding force, as a function of the
feeding rate, for different materials (PLA and ABS), liquefier temperatures, nozzle diameters, and lengths of the
liquefier. Two extrusion regimes are identified: a linear regime with a stable flow, and a non-linear regime with
fluctuations in the feeding force, which are concomitant to unstable extrusion. Increasing the liquefier length
and liquefier temperature are found to extend the linear extrusion regime. It is shown that the filament feeding
force predicted by the analytical models available in the literature deviates from the measurements, especially at
high feeding rates. A model solely based on heat transfer considerations is proposed to estimate the maximum
feeding rate before the extrusion becomes unstable. The modelling results agree well with the measurements.
The model can be used to select the hot-end design as well as appropriate printing parameters.

1. Introduction

Material extrusion Additive Manufacturing (AM), also known under
the name of Fused Deposition Modeling (FDM) and Fused Filament
Fabrication (FFF), creates components from a thermoplastic polymer
that is usually supplied in the form of a solid filament. The mechanism
that feeds the filament, termed extruder, consists of one or two gear
wheels that apply a feeding force on the filament via static friction. The
filament is advanced to the hot-end, which consists of a liquefier that
melts the polymer and a nozzle that extrudes the material. The de-
position of extruded segments, called strands, builds a 3D object. In the
last 20 years, substantial progresses in the control of this manufacturing
method have increased the reliability and lowered the costs of the
machines [1,2]. However, there is a research gap in the understanding
of some fundamental aspects of this process, and the polymer flow
through the hot-end is one of them, as pointed out in the review of
Mackay [3] about the rheology and heat transfer effects in material
extrusion AM.

The extrusion flow is driven by the pressure coming from the
feeding force that the solid part of the filament applies on the molten
polymer. The filament feeding rate depends on the printing speed and
the desired dimensions of the deposited strands [4–6]. The shapes of the

strands are important to control as they form the mesostructure of the
manufactured component [7,8], which determines the porosity [9,10],
and bond widths between strands [11]. The porosity and bond widths
are decisive for the mechanical strength of the part [12–14]. Thus, the
filament feeding rate is one of the most important parameters to con-
trol. Contemporary AM machines usually employ an open-loop control
of the filament feeding rate. For each printed segment, a stepper motor
is commanded to move a defined number of steps corresponding to the
length of the filament to be fed into the liquefier. This approach works
well during steady state flow conditions. However, implementing a
real-time control system of the extrusion rate is challenging, because of
the transient flow responses in the hot-end to variations in the filament
feeding force. Thus, some inaccuracies in the strand shape occur at the
beginning and the end of each segment. Furthermore, as the extrusion
rate is not synchronized with the printing head speed, the printing head
produces over- or under- extrusion when navigating through a turn
[15,16]. In order to improve the control of material extrusion, it is
essential to have experimentally validated models of the polymer flow
and heat transfer inside the hot-end.

Go et al. [17] showed that the design factors limiting the building
speed in material extrusion AM are the maximum velocity of the
printing head positioning system, the rate of conductive heat transfer in
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the liquefier, and the magnitude of the force that can be applied by the
extruder on the filament. The last two factors boil down to the rheology
of the polymer melt flowing through the hot-end. Due to the tem-
perature-dependent and shear thinning viscosity of the polymer melt,
the pressure drop through the hot-end strongly depends on the extru-
sion temperature and the filament feeding rate (i.e. the flow rate).
Furthermore, the heat power delivered to the melt, which determines
the extrusion temperature, is also a function of the flow rate [3,18],
making the flow and heat transfer a fully coupled problem that is dif-
ficult to solve. Experimental measurements that help in understanding
the flow of the molten polymer in the hot-end are required to increase
the building speed in material extrusion AM.

One of the first analytical models of the flow inside the liquefier was
presented by Bellini et al. [19]. They used an analytical solution pre-
sented by Hopmann and Michaeli [20] to estimate the pressure drop in
extrusion dies. The model uses a temperature-dependent power law as
the constitutive equation and assumes a fully developed velocity profile
in all sections of the hot-end. A different set of equations, but based on
similar assumptions, was used by Mackay et al. [21] to model the
pressure in the hot-end. In [21], an analytical model for the pressure
drop was combined with an energy balance of the hot-end to find the
feeding rate at which the gear wheels slip off the filament and the ex-
trusion fails. The agreement between the measurement and modelling
results was however accurate only at low temperatures. In [22], Phan
et al. used a modified Cogswell model [23], and included the exten-
sional viscosity effects on the pressure drop. The authors used the
Trouton ratio (i.e. the ratio of the extensional viscosity to the shear
viscosity) as a fitting parameter to their experimental measurements of
the pressure drop in a screw extruder. In the same work, the pressure
drop in the hot-end was estimated from the electrical power con-
sumption of the stepper motor driving the feeding gear wheels. Nien-
haus et al. [24] used a load cell to measure the filament feeding force
that relates to the pressure drop inside the hot-end. It was shown that
the aforementioned models of Bellini et al. [19] and Mackay et al. [21]
deviate from the measurements. Anderegg et al. [25] also concluded
that the analytical solution based on the power-law constitutive model
does not predict the correct pressure drop in the liquefier. In their work,
a pressure transducer was introduced into the liquefier and connected
with the hot-end channel. Coogan and Kazmer [26] presented an in-situ
rheometer and obtained a very good agreement with the viscosity
measured using a capillary rheometer. The flow inside the hot-end was
also studied experimentally by Peng et al. [27]. In their work, a pigment
was used to visualize the flow patterns inside the channel. They showed
that the velocity profile was becoming more plug-like for increasing
filament feeding rates while it was rather unaffected by different ex-
trusion temperatures. All of the measurements deviated from the fully
developed profile of the power-law fluid, which was attributed to
temperature gradients in the radial direction that are not captured by
the analytical solutions. In the aforementioned models for the pressure
drop, it was assumed that the filament melts almost immediately after
entering the hot-end and the equations describe only the liquid part of
the filament. Osswald et al. [28] argued that this assumption is only
valid for very low feeding rates while at actual feeding rates occurring
in the process, the melting takes place only at the bottom of the li-
quefier. Osswald et al. [28] proposed a model that assumes a liquid film
of polymer at the bottom surface of the liquefier. In their model, the
heat is delivered to the polymer only from that surface.

Despite these efforts, several recently published papers [3,27,29]
have concluded that there is a lack of sufficient understanding of the
polymer flow inside the hot-end. The present work has been inspired by
the review of Mackay [3], which pointed out aspects of the polymer
rheology and heat transfer inside the hot-end that have not been clearly
explained yet. In our work, we present experimental measurements of
the filament feeding force, swell ratio and extrudate temperature. The
effects of the nozzle diameter, the liquefier length, and the liquefier
temperature are investigated, for two filament materials (ABS and PLA).

The experimental results are used to test different analytical models for
the pressure drop inside the hot-end. A new model to estimate the
maximum feeding rate before the extrusion becomes unstable is in-
troduced. The next section describes the methodology of the measure-
ments. Section 3 presents the results of the experimental study. Section
4 compares our measurements with the analytical models for pressure
drop that are available in the literature. Section 5 introduces the novel
model predicting the maximum filament feeding rate of the stable ex-
trusion regime. The study is concluded in Section 6.

2. Experimental methods

2.1. Overview of the measurement setup

The typical geometry of a hot-end channel is illustrated in Fig. 1.
The barrel section (I) is a cylindrical channel with diameter DB and
length LB; the contraction section (II) is a conic channel with an angle α;
the capillary section (III) is a second cylindrical channel with diameter
DC and length LC. Note that the barrel diameter is slightly larger than
the filament diameter DF. Fig. 2 shows the experimental setup designed
to measure the feeding force of the filament through the hot-end. The
extrusion process was separated from the material deposition by
keeping the substrate away from the nozzle. The setup consisted of: (1)
a BondTech QR extruder that features two gear wheels on both sides of
the filament, providing a large contact area to apply the feeding force;
(2) an E3D v6 or a E3D volcano hot-end (differing by their barrel
length) on which different nozzles were mounted (see Table 1, these
hot-end dimensions represent typical values used in material extrusion
AM); (3) a short PTFE (Teflon) bowden tube inserted between the ex-
truder and the hot-end to prevent buckling of the filament; (4) a 3D
printer controller RAMPS v1.4; (5) a 20 kg load cell with an interface
HX711; (6) an Arduino Mega for the data acquisition; and (7) a 12 V
power supply. Two materials were tested in this study: grey PLA (3DE
Premium) and black ABS (COEX), both with the diameter
DF=1.75 ± 0.05mm. The 3D printer controller and data acquisition
device were connected to a PC. The RAMPS v1.4 controller had in-
stalled the Marlin v1.1.9 3D printer firmware [30], and the commu-
nication with the PC was performed using Pronterface v1.6.0 [31],
which provided online control of the machine. The PID controller of the
liquefier heater was tuned using an internal Marlin procedure

Fig. 1. Sketch of a typical geometry of the hot-end channel used in material
extrusion AM.

M.P. Serdeczny, et al. Additive Manufacturing 32 (2020) 100997

2



(command M303 [32]). A correct flow rate was ensured by adjusting
the number of stepper motor pules per mm of the fed filament in the
firmware of the 3D printer controller. The parameter was varied until
the requested length of the filament was fed with an accuracy of± 0.5
%.

2.2. Filament feeding force measurements

The filament feeding force was measured via strain gauges fixed on
the load cell inserted between the extruder and the hot-end, similarly as
in [17,24]. Prior to the experiments, the load cell was calibrated against
a scale with an accuracy of 1 g. Afterwards, a set of calibrated weights
was used to estimate the uncertainty of the measurement with the load
cell. The maximum deviation of the measured weights was 0.4 %, and
was considered as the total measurement uncertainty of the filament
feeding force.

Table 2 gives a summary of the investigated extrusion parameters.
For each combination of the hot-end channel geometry, material, li-
quefier temperature, and filament feeding rate, the melt was extruded
for 60 s. Each measurement series started with a filament feeding rate V
of 40mm/min (0.67 mm/s), incremented step-by-step by 20mm/min
(0.33 mm/s) until failure. The extrusion failed when the friction force of
the extruder gear wheels exceeded the strength of the filament material,
resulting in the grinding of the filament. The data were acquired with a

frequency of 10 Hz. Noise was reduced by applying a moving average
over the last five data points. The measurements during the first 30 s
after change in the feeding rate (during which the flow was subjected to
transient adjustments) were disregarded and only the second half of the
data acquisition window was used to estimate the feeding force in
steady extrusion conditions. To ensure repeatability, each measurement
was repeated three times, from which the average filament feeding
force F̄ and the average standard deviation of the force σ F( )¯ were
calculated. Examples of the transient data acquired during two mea-
surement instances (at low and high filament feeding rates) are shown
in Fig. 3. The averages of the force are marked with the thick con-
tinuous lines, whereas the regions of± σ F( )¯ are delimited by the thin
dashed lines. The temperature TL measured by the thermistor mounted
inside the liquefier is also shown in the graph. The heating regulation
by pulse width modulation achieved a fairly stable liquefier tempera-
ture, where the temperature fluctuations were within a range of± 1 °C.
Fig. 3 shows that the oscillations in the measured force (for the high
feeding rate) were not caused by the heating control of the liquefier.

2.3. Extrudate swell measurements

A digital camera Fujifilm XT20 with a macro lens was used to
measure the extrudate swell in order to support the analysis of the flow
conditions inside the hot-end channel. In most of the experiments, the
flow reached a steady state and the extrudate had a constant swell. For
those measurements, a single photograph was sufficient to measure the
swell. However, at higher feeding rates, the extrusion flow was un-
steady and periodic fluctuations were also present in the extrudate
swell. For those cases, a video was recorded in 4 K resolution to capture

Fig. 2. Sketch (left) and picture (right) of the measurement setup. (1) Extruder Bondtech QR, (2) E3D v6 or volcano hot-end with variable nozzle diameters (see
Table 1),(3) PTFE Bowden tube, (4) 3D printer controller RAMPS v1.4, (5) 20 kg load cell with the interface HX711, (6) Data acquisition device (Arduino Mega
board), (7) 12 V power supply.

Table 1
Dimensions of the tested hot-end flow channels, as defined in Fig. 1. For all
cases DB=2mm and α=60°. (Data obtained from [33]).

No. Hot-end LB [mm] DC [mm] LC [mm] LC / DC [-]

1 E3D v6 15.60 0.25 0.38 1.52
2 E3D v6 15.58 0.30 0.45 1.50
3 E3D v6 15.54 0.35 0.53 1.51
4 E3D v6 15.51 0.40 0.60 1.50
5 E3D v6 15.30 0.50 0.90 1.80
6 E3D v6 15.09 0.60 1.20 2.00
7 E3D v6 14.86 0.80 1.60 2.00
8 E3D volcano 24.01 0.40 0.60 1.50
9 E3D volcano 23.36 0.80 1.60 2.00

Table 2
Summary of investigated extrusion parameters.

Variable Symbol Unit Investigated range

Hot-end channel
dimensions

n/a n/a see Table 1

Material n/a n/a PLA / ABS
Liquefier temperature TL °C 175, 200, 225, 250
Filament feeding rate V mm/min from 40mm/min with a step of

20mm/min until failure

Fig. 3. Examples of a transient measurement of the filament feeding force and
liquefier temperature, at low and high feeding rate. The average forces F̄ are
marked with a thick continuous line; the standard deviation ranges±σ F( )¯ are
delimited by thin dashed lines.
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the transient effects. For each photograph (or video frame), the contour
of the extrudate was detected using a Matlab image recognition script.
The extrudate diameter DE was measured at multiple points along the
extrudate and averaged as shown in Fig. 4. As the extrudate diameter
was expected to be constant at low feeding rates, the standard deviation
from those measurements was used to estimate the uncertainty of the
method. Hence, the extrudate diameter was measured with an un-
certainty of± 5 μm. Finally, the extrudate diameter was normalized
with the nozzle diameter DC to obtain the swell ratio.=S D

Dr
E

C (1)

2.4. Rheological characterization of the material

Both materials (PLA and ABS) were tested using an Anton Paar MCR
502 rheometer equipped with a CTD600 heating chamber. The parallel
plate configuration with a gap of 0.6 mm was used to measure the
material response to small amplitude oscillatory deformations.
Amplitude sweeps were first done at 200 °C and a frequency of 10 rad/s
to determine the maximum amplitude of the linear viscoelastic re-
sponse. Afterwards, frequency sweeps were performed with strain am-
plitudes of 0.1 % for PLA, and 0.5 % for ABS. Both materials were
measured at two temperatures, 175 °C and 200 °C. The steady shear
viscosity was estimated from the complex viscosity with the Cox-Merz
rule. The measurements with the two different temperatures were used
to create the master curve of the complex viscosity. The master curve
was obtained by first scaling the measured stress τ by T T/ref , where Tref
is the reference temperature of the master curve and T is the mea-
surement temperature (both expressed in [K]). Next, the scaled stress
curve (measured at 175 °C) was shifted horizontally to match the stress
curve measured at the reference temperature (200 °C). The amount by
which the curves were shifted horizontally was used to calculate the
temperature shift factor aT such that the shear rates displayed in the
master curve are =γ γa˙ ˙ref T . The viscosity master curve is shown in Fig. 5
for both materials.

2.5. Extrudate temperature measurements

A thermal imaging camera FLIR A600 with a maximum resolution of
640×480 pixels was used to measure the temperature of the ex-
trudate. Before the measurements, a sample of each filament material
was heated to a known temperature to determine their emissivity (used
by the infrared camera to calculate the apparent temperature). For each
measurement, frames were acquired during 20 s, with a frequency of
12 Hz. An example of a thermal image from one of the measurements is
shown in Fig. 6 (left). The thermal data were analyzed in Matlab using

the FLIR library [34]. A small control region of 3×3 pixels was drawn
close to the extrusion orifice (shown in red in Fig. 6, left). The extrudate
temperature was calculated as the average temperature of the control
region during the 20 s of the measurement window. The lower / upper
bounds of the uncertainty interval were estimated as the differences
between the average temperature and the minimum / maximum re-
corded temperatures within the control region (as shown in Fig. 6). The
temperature measurements were only possible for the large nozzle
diameters (DC = 0.8mm), where the extrudate diameter was large
enough for the camera resolution.

3. Experimental results

3.1. Influence of the liquefier temperature

Fig. 7 shows the filament feeding force (top) and swell ratio
(bottom) for PLA (left) and ABS (right), as a function of the feeding rate,
for different liquefier temperatures. The curves representing the force
measurements at different liquefier temperatures show similar trends.
First, the feeding force increases linearly as a function of the feeding
rate with a slope dependent on the liquefier temperature. This flow
regime is referred to as the linear extrusion regime. Above a critical
feeding rate, the slope of the feeding force increases significantly. We
refer to this region of the force curve as the non-linear extrusion regime.
Similar trends have been observed in the measurements of Nienhaus
et al. [24], and the simulations of Go et al. [17], where it was suggested
that the transition in the slope of the curve was due to insufficient
melting of the filament. We hypothesize that when the solid filament
reaches the contraction (section II in Fig. 1), it generates higher
shearing and normal forces in the hot-end, which translate to a larger

Fig. 4. Post-processing of the extrudate swell measurements.

Fig. 5. Viscosity master curves for PLA and ABS at Tref=200 °C.
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feeding force. The transition between the linear and non-linear extru-
sion regimes is smoother for ABS than PLA, and for higher liquefier
temperatures. The smoother transition between the two extrusion re-
gimes for ABS could be explained by its low crystallinity, and the lack of
distinct melting temperature [35–37]. Furthermore, it is observed that
the feeding force decreases non-linearly with increasing temperature,
due to the temperature-dependent polymer viscosity. For some of the
liquefier temperatures, sharkskin and melt fracture occurred at very
high feeding rates (see examples of the extrudate appearance in Fig. 8).
These instabilities were expected and are well documented in the
polymer processing literature [38,39]. Their occurrence is commonly
attributed to viscoelastic phenomena and wall slip effects, which de-
pend on the flow rate and polymer temperature. Although a detailed
study of those instabilities is outside of the scope of this work, we have
marked regions where they were present with dashed lines in Fig. 7.
Further increase of the feeding rate led to the failure of extrusion, where
the filament was grinded by the extruder wheels, due to the high
feeding force exceeding the filament strength.

The swell ratio, presented in Fig. 7, also depends on the feeding rate
and the liquefier temperature, with similar trends as the feeding force.
The swell increases with increasing flow rate and decreases with in-
creasing liquefier temperature, which was expected as it depends on the
elastic part of the wall shear stress [40–42]. Swelling of the PLA ma-
terial presents two distinct regimes, similarly as the feeding force. First,
the swell increases moderately with the flow rate until it transitions to a

second regime with an abrupt growth of the swelling. The change be-
tween these two regimes occurs at the same feeding rate as the afore-
mentioned transition in the feeding force, which suggests that those two
phenomena are related. For most of the investigated extrusion condi-
tions, the swelling ratios are larger than in the case of a creeping
Newtonian fluid, (Sr,Newtonian ≈ 1.13 [43]), which is a characteristic
feature of the viscoelastic behavior of polymer melts [44].

Fig. 9 shows the time series (left) of the measured force and swell
ratio, as well as their power spectra obtained by Fourier analysis (right).
The measurements were done for PLA, using the E3D v6 hot-end and
the nozzle diameter 0.4mm. It is observed that at low filament feeding
rates, the feeding force and extrudate swell remain constant in time. At
higher flow rates, the feeding force and extrudate diameter start to
fluctuate. The power spectra reveal that the feeding force and extrudate
swell oscillate at the same frequencies. The onset of the fluctuations can
be seen in the force signal at the critical feeding rate (in this example:
V=240mm/min at T=225 °C), which marks the transition between
the two extrusion regimes in the feeding force, previously discussed. At
that point however, fluctuations in the swell ratio are not distinguish-
able from noise.

In Fig. 10, the measured extrudate temperature is plotted as a
function of the feeding rate. The temperature of the liquefier is also
shown. A decrease in the extrudate temperature is observed when the
feeding rate is increased. This shows that the heat transfer between the
liquefier walls and the melt is insufficient for the polymer to reach the

Fig. 6. Example of extrudate temperature
measurement with a thermal imaging camera.
A single frame from the infrared measurement
with the control region marked in red (left),
calculation of the temperature average and
uncertainty interval inside the control region
during 20 s of data acquisition (right). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Fig. 7. The filament feeding force (top) and
swell ratio (bottom) measured as a function of
the feeding rate using the E3D v6 hot-end with
nozzle diameter DC= 0.4mm and two filament
materials: PLA (left), and ABS (right). The error
bars show the standard deviation of the force
and swell fluctuations at high feeding rates.
Dashed lines indicate the presence of extrusion
instabilities, i.e. sharkskin and melt fracture
(see Fig. 8).
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liquefier temperature, at the high feeding rates. The difference in the
extrudate temperature between the low and high feeding rates can be
up to 15 °C, which is considerable. It indicates that the liquefier tem-
perature should be set to higher values when printing at high feeding
rates, to maintain good conditions for the development of bonds be-
tween the deposited strands. The measurements also show that at the
beginning of each curve, the extrudate temperature slightly increases
with the feeding rate, which is suspected to be due to larger extrudate
swelling that increases the surface area visible by the thermal imaging
camera.

3.2. Influence of the nozzle diameter

The influence of the nozzle diameter DC on the feeding force (top)
and swell ratio (bottom) can be seen in Fig. 11, for PLA (left) and ABS
(right). The feeding force was measured at TL=200 °C for the E3D v6
hot-end. Decreasing the nozzle diameter increases the mean flow ve-
locity inside the capillary section (for the same flow rate) and generates
higher wall shear rates, which translate into larger shear stresses and a
higher feeding force. Similarly as in Fig. 7, the feeding force first in-
creases linearly as a function of the feeding rate, with a slope that de-
pends on the nozzle diameter. In the case of PLA, an abrupt increase in
the measured force occurs at the feeding rate of around 200mm/min,
and this seems independent of the nozzle diameter. For ABS, the tran-
sition is less pronounced. The swell ratio also increases with decreasing
nozzle diameter, which is due to the development of larger shear rates
in the capillaries with smaller diameters [40]. Similarly as for the force
measurements, the swelling of the PLA extrudate increases abruptly at
the same feeding rate of around 200mm/min. Interestingly, for
DC=0.8mm, the swell ratio reaches a maximum value of 1.6 for PLA
and 2.0 for ABS, and does not increase any further above the feeding
rates of 260mm/min and 340mm/min, respectively. This might be due
to the fact that at such high swelling ratio, the extrudate diameter be-
comes close to the filament diameter.

3.3. Influence of the liquefier barrel length

Fig. 12 compares the filament feeding force and the swell ratio for
two hot-ends that differ in the length of the liquefier barrel (see
Table 1). The E3D volcano hot-end has a barrel section (see Fig. 1)

Fig. 8. Appearance of the extrudate for a stable extrusion, a melt fracture instability and a sharkskin instability.

Fig. 9. The feeding force (top) and the swell ratio (bottom) as a function of time (left) and their power spectra (right). The data were collected when using E3D v6
hot-end with DC=0.4mm and PLA filament.

Fig. 10. Measured extrudate temperature of PLA as a function of the feeding
rate, for different liquefier temperatures, using E3D v6 hot-end and
DC=0.8mm. Dashed lines indicate the uncertainty of the measured extrudate
temperatures.
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approximately 1.5 times longer than the E3D v6. The force was mea-
sured for two different nozzle diameters, DC=0.4mm and
DC=0.8mm, and a liquefier temperature of 200 °C. At low feeding
rates, the force is almost unaffected by the length of the liquefier. This
fact suggests that the barrel is either not fully filled by the polymer
melt, or that the wall shear stress within the barrel section has a neg-
ligible contribution to the total force, as suggested by Phan et al. [22].
At high feeding rates, the force is lower for the longer liquefier.
Moreover, the maximum feeding rate of the linear extrusion regime
(before the increase in the slope of the feeding force curve) is larger for
the longer liquefier. The longer barrel section provides larger heat
transfer surface, which plausibly enables to melt the filament at high
flow rates, preventing the solid polymer to enter the contraction section
of the hot-end channel. Fig. 12 (right) shows the swell measurements
for the two liquefiers. It can be seen that a longer liquefier also delays
the increase in the extrudate swelling, which is presumably due to the
fact that improved heat transfer reduces viscoelastic effects.

4. Comparison of the measured filament feeding force with
analytical models

This section compares our experimental results to previously pub-
lished analytical models of the pressure drop through the hot-end
channel, i.e. Bellini et al. [19], Phan et al. [22] and Osswald et al. [28].
All these studies assume a power law constitutive model for the molten
polymer. However, they differ in their treatments of the time-tem-
perature and pressure shift factors. For consistency, we use the same
form of temperature and pressure dependency in the power law for all
three models, which can be derived from [44,45]

= =− −η T γ K γ a T T
T

a K T γ( , ˙ ) ˙ ( ( )) ( ) ˙ref
n

T
n

ref
P

n1 1

(2)

where η is the dynamic viscosity, Kref is the consistency index at the
reference temperature Tref , γ̇ is the shear rate, n is the power-law index,
T is the temperature, aP is pressure shift factor and=K T K a T a( ) ( ( ))ref T

n T
T Pref

. The time-temperature shift factor depends

on the temperature according to the Williams–Landel–Ferry (WLF)
equation

Fig. 11. Filament feeding force (top) and swell
ratio (bottom) of PLA (left) and ABS (right), as
a function of the feeding rate, for different
nozzle diameters, measured at E3D v6 hot-end,
liquefier temeprature TL=200 °C. The error
bars show the standard deviation of the force
and swell fluctuations occurring at high
feeding rates. The dashed lines indicate the
occurrence of sharkskin or melt fracture in-
stabilities (see Fig. 8).

Fig. 12. Influence of the liquefier length on the feeding force (left) and the swell ratio (right) as a function of the feeding rate.
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where C1 and C2 are material constants. The pressure shift factor is
modelled with the following equation [45]=a βPexp ( ¯)P (4)

where β is the pressure coefficient of the viscosity change. For PLA, the
value of β was unknown, so it was assumed to be ⋅ −2 10 8 Pa−1, similarly
as in [22], which is also in agreement with values reported for most of
the polymers [45]. For ABS, we used = ⋅ − −β 3.3 10 Pa8 1, as measured by
Aho et Syrjälä [46]. P̄ is the average melt pressure that is estimated to
be 2MPa and 5MPa for PLA and ABS, respectively. The average pres-
sure was estimated using data from Fig. 7 in the linear extrusion re-
gime. The other material parameters of the power law and WLF equa-
tions (cf. Table 3) were determined by curve-fitting of the rheological
measurements presented in Fig. 5.

In the analytical models, the feeding force F relates to the pressure
drop pΔ through the hot-end as=F pAΔ F (5)

where AF is the cross-sectional area of the filament. The pressure drop
through the hot-end channel can be approximated by the sum of the
pressure drops through its different sections (see Fig. 1). In Bellini’s
model [19], the total pressure drop is:= + +p p p pΔ Δ Δ Δbarrel cone capillary (6)
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where =Q VAF is the volumetric flow rate.
In the Phan’s model [22], the total pressure drop is given as:= + +p p p pΔ Δ Δ Δα o capillary (10)
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and pΔ capillary has the same expression as in Bellini’s model; see Eq. (9).
Both Bellini’s and Phan’s models assume a fully developed laminar flow
inside the hot-end channel, with a uniform temperature T that is as-
sumed to be equal to the liquefier temperature TL. Eqs. (8) and (11)
estimate the pressure drop in the contraction section and were derived
assuming a small angle of the channel convergence. Eq. (11) in Phan’s

model [22] includes the extensional viscosity effects that were ne-
glected in Eq. (8). The material parameters L and m are the consistency
index and the power-law index of the extensional viscosity power law= −η Lε̇e

m 1, where ε̇ is the extensional strain rate. We used m = n, and
Trouton ratio Tr= L/K=5, similarly as Phan et al. [22], who used that
value instead of 3 (as for a Newtonian fluid) to account for anticipated
viscoelastic effects. The term pΔ o in Phan’s model (Eq. (12)) was derived
by Boles et al. [47] and it corresponds to the pressure drop due to the
flow reorganization at the entry of the capillary. Moreover, Phan’s
model [22] neglects the contribution of the wall shear stress in the
barrel section, due to its presumably low shear rates.

The last model considered here was presented by Osswald et al.
[28], where the details of the derivation can be found. Osswald’s model
assumes that the filament melts only at the surface of the contraction
section (see Fig. 1), and creates a thin layer of molten polymer that
flows parallel to the conic surface, towards the capillary section. The
thickness δ of the liquid film is assumed uniform and is calculated based
on the heat transfer balance within the melted layer [28]

= −+ −δ k T T
ρ V λ C T T

( )
| |[ ( )]

L m

s s m 0 (13)

where k is the thermal conductivity of the polymer, Tm is the melting
temperature of the polymer, ρs is the density of a solid polymer, λ is the
heat of fusion (the latent heat), Cs is the specific heat of a solid polymer,
T0 is the initial temperature of the filament. The heat transfer balance
assumes that the heat is only delivered to the polymer from the surface
of the cone, while the gap between the barrel walls and filament pre-
vents conductive heat transfer. Although the radiative heat transfer was
not formally included in the heat balance, Osswald et al. [28] suggested
that the initial temperature T0 should be larger than the room tem-
perature, to take into account the heating of the solid filament by the
heat radiation from the barrel walls. In our experiments, we estimated
that the radiative heating from the barrel increased the temperature of
the solid filament at most by 65 °C. The estimation was done by as-
suming perfect heat exchange via radiation between two concentric
cylinders (the barrel and the filament) [48], at the lowest measured
filament feeding rate i.e. V=40mm/min. Thus, the initial temperature
wasT0 =25 °C+65 °C= 90 °C. Osswald’s model predicts the following
feeding force driving the flow of the liquid film [28]
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where ρm is the density of the molten polymer, = 〈 〉 −μ K T γ( ¯ ) ˙f f
n 1 is the

average dynamic viscosity of the polymer melt within the liquid film
region, and = 〈 〉 −μ K T γ( ) ˙C L C

n 1 is the average dynamic viscosity of the
polymer melt in the capillary section. In the expressions of μf and μC,= +T T T¯ ( )/2m L is the average temperature in the liquid film, TL is the
liquefier temperature, 〈 〉γ̇f and 〈 〉γ̇C are the average shear rates inside the
liquid film and capillary, respectively. The analytical expressions of 〈 〉γ̇f
and 〈 〉γ̇C depend on the channel geometry, the thickness of the liquid
film and the volumetric flow rate [28]. The additional material para-
meters that we used in Osswald’s model are given in Table 4. The
melting temperature of PLA was assumed to be 155 °C [39]. As ABS is
amorphous, it does not have a true melting temperature, but it is
usually printed at a temperature around 20 °C higher than PLA, hence
we used = °T 175 Cm for ABS.

Figs. 13 and 14 compare the model predictions of the feeding force
to our experimental measurements with ABS and PLA. Fig. 13a shows
the dependence of the feeding force on the filament feeding rate,
measured at TL=200 °C, with the E3D v6 liquefier and DC=0.4mm.
At low feeding rates, the predictions of Bellini’s [19] and Phan’s [22]
models are close to the measured values, with Phan’s model performing

Table 3
Rheological material parameters for ABS and PLA.

Variable Symbol Unit Value

PLA ABS

Consistency Index Kref ⋅Pa sn 3508 38011
Power-law index n 0.48 0.20
Reference temperature Tref °C 200 200
WLF constant 1 C1 − 10.4 30.5
WLF constant 2 C2 °C 400 500
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slightly better. However, the slope of the force curves for Bellini’s and
Phan’s models are lower than in the experiments. At higher feeding
rates, the predictions of those two models substantially deviate from the
measurements. For Osswald’s model [28], the force is overestimated,
and for large feeding rates, it yields unphysical values of the feeding
force, even though a conservative assumption about the initial tem-
perature of the filament was made.

Fig. 13b shows the influence of the nozzle diameter on the feeding
force, for V=200mm/min and TL=200 °C. It is seen that the mea-
sured feeding force decreases non-linearly with increasing nozzle dia-
meter. Here, the results from the analytical results of Bellini’s and
Phan’s models underpredict the measurements, except for DC=0.6mm
and DC=0.8mm with ABS. The analytical solutions of Osswald’s
model are not plotted in Fig. 13b as the model largely overpredicts the
feeding force.

Fig. 13c compares the evolution of the modelled and measured
feeding force as a function of the liquefier temperature for E3D v6 and
V=100mm/min. Both the measurements and the analytical solutions
show a non-linear increase in the force when the temperature of the
liquefier is reduced, which is the result of an increase in the polymer
viscosity. Bellini’s and Phan’s models underpredict the feeding force but
give a correct order of magnitude, whereas Osswald’s model over-
estimates the measurements.

In Fig. 14, the feeding force modelled for two different barrel
lengths is presented. Only Bellini’s model was used, as the two other
analytical models neglect the contribution of the barrel section to the
total pressure drop. In Bellini’s model a longer barrel section results in
an increase of the feeding force for all the feeding rates. In contrast, the
measurements show almost no influence of the barrel’s length on the
force at low feeding rates (in the linear extrusion regime). At high fi-
lament feeding rates, the shorter liquefier requires a larger filament
feeding force, because its transition from the linear to the non-linear
extrusion regime occurs at a lower feeding rate, as discussed in the
previous section.

Those results also show that none of the analytical models can
capture the transition between the linear and non-linear extrusion re-
gime. Bellini’s and Phan’s models provide better descriptions of the
linear extrusion regime, although there are still large differences with
the experiments. We attribute the discrepancy to the radial and axial
variations in the temperature field (and thereby the melt viscosity)
within the hot-end channel, which are not captured by these models.
The overestimated feeding force given by Osswald’s model may be due
to the fact that a substantial part of the heat is delivered to the polymer
from the barrel walls by the heat conduction and convection, which are
neglected in this model.

5. Analytical model for the maximum feeding rate within the
linear extrusion regime

When selecting printing parameters, one has to usually compromise
between the manufacturing time and resolution, which are both related
to the feeding rate. For a given printing speed U and a strand cross-
sectional area AS (which determines the resolution), the filament
feeding rate is given by the volume conservation of the polymer=V U A

AF

S
(15)

where AF is the cross-sectional area of the filament. The strand cross-
section can be approximated with an oblong shape, which has an area
that depends on the layer height and the nozzle diameter, as shown in

Table 4
Additional material parameters used in Osswald’s model [28], for PLA and ABS.

Polymer property Symbol Unit Value

PLA ABS

Density of melted polymer ρm kg/m3 1070 [49] 945 [28]
Density of solid polymer ρs kg/m3 1250 [49] 1060 [28]
Melting temperature (PLA) / Flow

temperature (ABS)
Tm °C 155 [39] 175

Inlet temperature Tin °C 90 90
Heat of fusion (latent heat) λ J/kg 2630 [50] 0 [28]
Specific heat capacity of the solid Cs J/kg/K 1500 [49] 1470 [28]
Thermal conductivity k W/m/K 0.20 [22] 0.33 [28]

Fig. 13. Comparison of the measured and calculated feeding force as a function of (a) the feeding rate, (b) the nozzle diameter, (c) the liquefier temperature. The top
row show measurements with PLA and the bottom row with ABS. Measured at (a) E3D v6, DC=0.4mm, TL=200 °C; (b) E3D v6, TL=200 °C, V=200mm/min; (c)
E3D v6, DC=0.4mm, V=100mm/min.
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Fig. 15. A similar approach is used in the toolpath generator Slic3r [51].
Based on those relations, the feeding rate can be expressed as a function
of the layer height and the printing speed. The estimated feeding rates
for a hot-end with a nozzle diameter =D 0.4C mm and =D 1.75F mm
are depictured in Fig. 16. However, according to the results presented
in Section 3, not all of the feeding rates depictured in Fig. 16 are pos-
sible to obtain because of the feeding rate limits of the polymer flow
through the hot-end. In this section, a model is proposed to estimate the
maximum feeding rate that can be used.

The operational window of each hot-end is limited, as the pressure
increases sharply at high feeding rates (non-linear extrusion regime),
and the extrusion fails by grinding the filament, or due to instabilities.
In the following analysis, it is assumed that the increase of pressure is
mostly due to insufficient melting of the polymer melt, as it reaches the

contraction section. The maximum feeding rate Vmax for which the
polymer is sufficiently heated to be extruded is obtained from a heat
transfer analysis of the barrel section, see Fig. 17. The polymer enters
the barrel at an initial temperature Tin equal to the room temperature,
with a mass flow rate ṁ. The wall temperature TL is constant and equal
to the liquefier temperature. Due to the high pressure in the liquefier
when the maximum feeding rate is reached, the gap between the barrel
and the solid filament is assumed to be completely filled by the
polymer. In order to be successfully extruded, the polymer has to be
heated to the temperature Tout that is equal to or greater than the
melting temperature before it reaches the contraction section. Subse-
quently, the contraction and capillary sections can be neglected as they
do not influence the maximum feeding rate. By equating Newton’s law
of cooling with the 1st law of thermodynamics, the following equation is
obtained= = + −Q h T πD L m λ C T T˙ Δ ˙ [ ( )]H B B m out in (16)

where Q̇H is the total heat transfer rate from the barrel wall to the melt,
h is the heat transfer coefficient at the barrel wall, DB and LB are the
diameter and length of the barrel section, respectively (see Fig. 1), λ is
the heat of fusion (latent heat) of the polymer, Cm is an average specific
heat capacity of the melt, and TΔ is the mean temperature difference
between the barrel wall and the melt, which is calculated here as the
mean logarithmic temperature difference [48]= − − −−−( )T T T T TΔ ( ) ( )

ln
L in L out

T T
T T

L in
L out (17)

The mean logarithmic temperature difference is used due to the
exponential temperature profile along the barrel axis. Details about the
derivation of the Eq. (17) can be found in [48]. The maximum mass
flow rate for which the material is sufficiently heated can be related to
the maximum feeding rate Vmax as=m ρ V A˙ m max F (18)

Fig. 14. Comparison of the measured and calculated feeding force with Bellini’s model, with different liquefier lengths, for PLA (left), and ABS (right).

Fig. 15. Oblong approximation of the strand cross-sectional area. The height H
of the strand is assumed to be equal to the layer thickness Lt and the strand
width W to 1.2 DC.

Fig. 16. Estimated feeding rate (and building rate) as a function of the layer
height and printing speed, assuming strand dimensions as shown in Fig. 15.

Fig. 17. Sketch of the domain considered in the analytical model for the
maximum feeding rate.
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Inserting Eq. (18) into (16) and rearranging, the following expres-
sion for Vmax is obtained

= + −V h TπD L
λ C T T ρ A

Δ
[ ( )]max

B B

m out in m F (19)

The expression for Vmax was tested with our experimental mea-
surements of the filament feeding force. The material parameters used
in the model are the same as given in Table 4, except the initial tem-
perature that was assumed to be 25 °C. The specific heat capacity of the
melted polymer was approximated as Cm =2000 J/kg/K, for both ma-
terials [49,52]. The outlet temperature Tout was set to the melting
temperature Tm of the polymer (given in Table 4). The actual heat
transfer coefficient h in Eq. (19) is unknown, and its value was adjusted
such that the solution fitted the maximum feeding rates measured for
PLA with the E3D v6 hot-end. It was found to be h=228W/(m2K). In
the experiments, the maximum feeding rate was identified as the
feeding rate at which the force transitions from the linear to the non-
linear regime. In practice, we estimated that the maximum feeding
speed was reached when the force curve deviated with more than 3 %
from the linear regime. The experimental estimation of Vmax has an
uncertainty of around± 10mm/min.

A comparison of the measured and predicted maximum feeding rate
is shown in Fig. 18. Our model for the maximum feeding rate given in
Eq. (19) is in a good agreement with the experiments. The model is able
to predict the variations in the maximum feeding rate as a function of
the liquefier temperature and barrel length, for both materials, PLA and
ABS. With this model, it is now possible to estimate the operational
window of a liquefier for a particular material (the range of layer
heights and printing speeds where V< Vmax), using Fig. 16. Note that
the maximum feeding rate discussed here is different from the ultimate
feeding rate at which extrusion fails due to grinding of the filament by
the extruder wheels. Our definition of the maximum feeding rate Vmax
corresponds to the limit of the linear regime of the feeding force, where
a stable extrusion is obtained (without oscillations in the feeding force
and extrudate swell). From a practical point of view, this definition of
the maximum feeding rate might be more interesting than the ultimate
feeding rate at failure. Finally, it must be noted that the presented
analysis was performed from the perspective of heat and mass transfer
inside the hot-end channel. There might be other phenomena limiting
the maximum feeding rate, e.g. filament buckling, which can play a role
for materials with low elastic modulus [53,54]. In this study, no
buckling was observed, because ABS and PLA are relatively stiff fila-
ments as well as due to the fact that a very short bowden tube was
inserted between the extruder and hot-end. Furthermore, the increase
of the liquefier temperature which relates to the maximum feeding rate
is limited by the heating capabilities of the cartridge and the thermal
degradation of the polymer, which can occur above certain tempera-
tures [55,56].

6. Conclusions

This work provides an insight into rheological and thermal effects of
the polymer flow through the hot-end in material extrusion AM. An
experimental setup was designed to investigate the influence of the fi-
lament feeding rate, the nozzle diameter, the liquefier length, and the
liquefier temperature on the filament feeding force and extrudate swell.
The measurements were conducted with PLA and ABS filaments that
are commonly used in material extrusion AM. Two extrusion regimes
were identified in the feeding force curve. A linear regime, where the
extrusion is stable, and a non-linear regime, where the force oscillates
and increases rapidly as a function of the feeding rate, leading to ex-
trusion failure. Thus, the working envelope of a hot-end is limited by
the maximum feeding rate within the linear extrusion regime. The
maximum feeding rate can be increased by increasing the liquefier
temperature and extending the liquefier length. The nozzle diameter
was found to influence mainly the magnitude of the feeding force, but
had a minor impact on the maximum feeding rate. The extrudate swell
was observed to be correlated to the filament feeding force. In the non-
linear extrusion regime, fluctuations in the extrudate swell had the
same frequency as the feeding force oscillations. Moreover, the mea-
sured extrudate swells exceeded that of a Newtonian fluid, indicating
the presence of viscoelastic effects in the flow. The measurements with
the thermal imaging camera showed that the temperature of the ex-
trudate decreases below the liquefier temperature when the feeding
rate is increased, which indicates insufficient heat transfer inside the
hot-end.

The experimental measurements were compared to the analytical
pressure drop models from the literature. Discrepancies between the
measurements and predictions from the models were found and at-
tributed to non-isothermal flow conditions that are not captured by
these models. More importantly, none of the investigated models could
capture the transition between the linear and non-linear extrusion re-
gimes. The occurrence of the non-linear regime was hypothesized to be
due to insufficient melting of the polymer, which leads to forcing the
solid core of the filament into the contraction section. Based on this
hypothesis, an analytical model was proposed that predicts the max-
imum feeding rate for which the polymer entirely melts before entering
the contraction section, enabling successful extrusion. The model is
based on a heat balance inside the barrel section of the hot-end and is
independent of the pressure drop. In the proposed model, the maximum
feeding rate depends on the polymer characteristics (the specific heat
capacity, the density, and the melting temperature), and the hot-end
configuration (the barrel length, and the liquefier temperature). The
predicted maximum feeding rates were found to be in good agreement
with our experiments. The proposed model can be helpful, when de-
signing the hot-end, as well as when selecting the printing parameters.

Fig. 18. Maximum feeding rate measured experimentally and estimated with the proposed model (Eq. (19)).
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A B S T R A C T

This work presents Computational Fluid Dynamics (CFD) simulations of the polymer flow inside the hot-end
during material extrusion additive manufacturing. Two CFD models are investigated: a previously-published
one-phase model, where the entire domain is filled with liquid, and a novel model, where the free surface of the
polymer inside the channel is resolved. Both models predict a recirculation region between the nozzle wall and
the incoming filament. With the free surface resolved, melting of the solid filament and filling of an empty
liquefier channel are shown in detail. Moreover, the simulations predict the pressure and temperature dis-
tributions inside the channel. The molten polymer (ABS) is simulated as a Generalized Newtonian Fluid with
shear- and temperature-dependent viscosity. The numerical results are compared with the experimental mea-
surements of the filament feeding force, which relates to the pressure inside the flow channel. An inverse analysis
of the heat transfer coefficient is performed to estimate the thermal resistance at the channel’s wall. It is shown
that the model which resolves the free surface is able to predict the feeding force for typical working conditions
with a reasonable accuracy. Moreover, it captures the change of the flow regime from stable to unstable ex-
trusion at high feeding rates. A hypothesis that explains the pressure and melt zone oscillations that occur during
unstable extrusion is given. The influence of the liquefier temperature, liquefier length and nozzle diameter on
the flow are discussed. The predictions of the model become less accurate when different channel geometries are
simulated, which is attributed to the simplified material model that does not capture viscoelastic effects and
possible buckling of the solid filament.

1. Introduction

Performance of material extrusion Additive Manufacturing (AM),
also known as Fused Deposition Modeling (FDM), or Fused Filament
Fabrication (FFF), depends on the hot-end design, a device that is re-
sponsible for melting and extruding the polymeric filament. The es-
sential elements of the hot-end are the liquefier that delivers heat to the
polymer and the extrusion nozzle that deposits the material as thin
strands, which build three-dimensional objects. This manufacturing
process differs substantially from the conventional screw extrusion,
where a significant amount of heat is generated by viscous heating. In
material extrusion AM, the polymer has a short residence time in the
hot-end and most of the heat is delivered by conduction from the walls
of the liquefier. Furthermore, the flow is driven by the pressure of the
solid filament that acts as a piston before melting, thereby realizing a
continuous extrusion process that is also different from conventional
ram extrusion. Thus, specific computational models and experimental

tests are needed to understand and predict the material extrusion AM
process [1].

The experimental analysis of the polymer flow through the hot-end
is challenging due to the small diameter of the channel. Phan et al. [1]
investigated the heat transfer effects in the hot-end and presented the
correlation between the Nusselt number and the Graetz number. They
measured the pressure inside the extrusion nozzle by monitoring the
power consumption of the filament feeding system. Direct measure-
ments of pressure were done later by Anderegg et al. [2], where a
transducer was introduced to the flow channel. The measured pressure
was around 30 % larger than predicted by the theoretical model of
Bellini et al. [3]. Nienhaus et al. [4] quantified experimentally the in-
fluence of the nozzle geometry on the force required to feed the fila-
ment through the hot-end. They showed that above a critical feeding
rate, the extrusion becomes unstable and the feeding force increases
abruptly. The feeding force was also measured by Serdeczny et al. [5],
and similarly, the unstable extrusion regime was identified. Moreover, a
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model to predict the maximum feeding rate of stable extrusion was
presented. Osswald et al. [6] proposed an analytical model of the hot-
end flow for a limiting case scenario, where the polymer melts at the
bottom surface of the liquefier. They assumed that the heat is conducted
to the polymer only from that surface. Peng et al. [7] introduced a
pigment to the filament to visualize the velocity profile inside the hot-
end. They concluded that the flow in the hot-end differed from the fully
developed velocity profile of a power-law fluid, because of non-iso-
thermal effects.

Computational Fluid Dynamics (CFD) simulations are an attractive
tool to study and optimize the process. Alternative geometries of the
flow channel could be investigated to improve the heat transfer and
increase the maximum feeding rate of stable extrusion [4,5]. Reduction
of the pressure drop inside the nozzle will lead to smaller force required
to feed the filament, hence reducing the torque requirements for the
stepper motor. Optimized size of the stepper motor is necessary to re-
duce the inertia of the print head, thereby enabling larger accelerations
and faster printing. Furthermore, the knowledge gained from high fi-
delity flow simulations could lead to a better control of the extrusion
rate, which would contribute to reducing geometrical inaccuracies due
to over- or under-extrusion [8–10].

Many numerical models have been used to investigate the deposi-
tion of the extrudate [10–18] and the evolution of the temperature field
after the material has been placed [19–23]. Most of these simulations
only include the tip of the extrusion nozzle and assume a steady ex-
trusion rate. The flow through the complete geometry of the hot-end
channel has been simulated in [24–28]. The focus of these simulations
was mainly to predict the pressure drop in the hot-end as well as the
extrudate surface quality. However, the simulations lack quantitative
comparison with experiments, so it is unknown whether their modeling
assumptions are correct and their predictions accurate. In particular,
these works assume that the molten polymer fills the entire liquefier
and a perfect contact is established between the wall of the channel and
the fluid. Pigeonneau et al. [29] argue that the assumption of the per-
fect contact is valid based on their numerical simulations of the heat
transfer, which were compared to the measurements of the maximum
temperature registered during the flow through the hot-end by Peng
et al. [7]. On the other hand, the measurements presented in [1,5] show
that the polymer temperature at the outlet is lower than the liquefier
temperature, suggesting the presence of a thermal resistance between
the channel wall and the fluid [28]. Moreover, during the actual pro-
cess, there is a gap between the incoming filament and the wall of the
liquefier channel that has a larger diameter. It has not been fully ex-
plained in the existing literature whether the molten polymer fills this
gap completely and how the position of the melt zone inside the hot-
end depends on the printing parameters. This element is however

crucial to calculate the heat flux between the hot-end wall and the fi-
lament, as well as the shear forces that ultimately determine the fila-
ment feeding force.

In this work, we present CFD simulations of the polymer flow
through the hot-end channel. Heating of the filament from the solid
state (room temperature) to the melt state (extrusion temperature) is
included in the model. We investigate two modeling alternatives: Model
1, which is a simplified approach, where the entire domain is assumed
to be fully filled with the polymer; and Model 2, which resolves the free
surface of the fluid inside the hot-end. Model 2 gives an insight into
how the material fills the channel. Both shear thinning and temperature
dependency of the polymer viscosity are included. The modeling results
are compared with the experimental measurements of the force re-
quired to feed the filament through the hot-end. The simulations are
tested for different extrusion temperatures and hot-end geometries. The
remaining of the paper is organized as follows. Section 2 introduces the
numerical model and methodology of the study. Section 3 discusses the
simulation results and compares the model predictions with the ex-
perimental measurements. We conclude our study in Section 4.

2. Methods and materials

2.1. Physics of the numerical simulations

Fig. 1a illustrates a typical hot-end assembly, which includes the
nozzle that extrudes the material; the liquefier that melts the polymer; a
heat break that reduces heat transfer from the liquefier to the upper
parts of the printing head; and a heat sink that dissipates the excess of
heat to the environment. The numerical model includes the internal
channel of the hot-end, as shown in the Fig. 1b. A solid filament with a
diameter DF enters the computational domain with a constant velocity
V (termed the feeding rate), and the inlet temperature TIN. The hot-end
channel can be subdivided into five sections:

I the heat sink section with a diameter DB, a length LHS and the wall
temperature TIN that is equal to the room temperature;

II the heat break section with a diameter DB, a length LHB and the wall
temperature that varies linearly from the inlet temperature TIN to
the liquefier temperature TL, as shown in Fig. 1c;

III the liquefier section with a diameter DB, a length LL and the constant
wall temperature TL;

IV the contraction section with an angle α, and the wall temperature TL;
V the capillary section with a diameter DC, a length LC, and the wall
temperature TL.

In Model 1, where the free surface of the polymer is not resolved,

Fig. 1. (a) Geometry of the hot-end channel; (b) Implementation in the numerical model; (c) Wall temperature of the channel.
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only sections III, IV, and V are included. In Model 2, all sections (I to V)
are included and the fluid leaves the channel through the nozzle orifice
and exits the computational domain at an outlet boundary located just
outside the hot-end channel. For the analysis of the results, it is con-
venient to define the barrel length as the sum of the lengths of sections
I, II, and III that all share the same diameter DB

= + +L L L LB HS HB L (1)

Where it is noted that for Model 1, LHS and LHB are equal zero.
Moreover, the heated length LH is defined, and it is a sum of the lengths
of sections III, IV, and V that share the same wall temperature TL

= + +L L D D L
2tan( /2)H L

B c
C (2)

The polymer flow is governed by the following equations [[26], p.
206]

+ =u
t

0 (3)

= + +u S gD
Dt

p ( ) (4)

= + S SC DT
Dt

k T( ) 1
2

( : )p (5)

= +S u u( )T (6)

Where is the density, t is the time, u is the velocity vector, p is the
pressure, is the dynamic viscosity, g is the gravity acceleration vector

=g g(0,0, )T ,Cp is the specific heat capacity,T is the temperature, k is
the thermal conductivity, S is the strain rate deformation tensor.

Moreover, the following assumptions were made in the numerical
model:

• The fluid density was constant with respect to the pressure, however
it was a function of the temperature [31]

=
+

T
T T

( ) 1
(1 ( ))r

V r (7)

Where r is the density at the reference temperature Tr , and v is the
volumetric thermal expansion coefficient that can be determined from
the linear coefficient of thermal expansion CTE [31] as

= + CTE T T T T[(1 ( )) 1]/( )v r r
3 (8)

• The viscosity was governed by the temperature dependent power
law [30]

=T T
T

a K( , )
r

T
n n 1

(9)

Where aT is the time-temperature shift factor, K is the consistency index
at the reference temperature, n is the power law index, is the shear
rate magnitude, which is related to the second invariant of the strain
rate deformation tensor

= S S1
2

:
(10)

The temperature dependence of the time-temperature shift factor
was modelled with Williams–Landel–Ferry (WLF) equation

=
+

a T C T T
C T T

( ) exp ( )
( )T

r

r

1

2 (11)

Where C1, and C2 are material constants.

• The influence of air on the polymer flow was assumed negligible, so
only the flow of the polymer was simulated. In Model 2, a constant

atmospheric pressure was specified at the free surface of the
polymer. The heat exchange between the polymer and the air was
assumed negligible.
• The polymer entered the domain in the solid state with a prescribed
uniform velocity equal to the filament feeding rate. The material
remained solidified and perfectly rigid until its temperature reached
the glass transition temperature Tg of the polymer. Above that
temperature, its viscosity was governed by Eq. (9).
• The heating of the filament due to radiation was included in Model
2. The radiative heating was implemented with a heat source term at
the free surface as

=q T T( )
rad

L
4 4

(12)

Where is the Stefan-Boltzmann constant, T is the polymer temperature
at the free surface, is the total radiative resistance approximated by
[32, Table 12−3]

= + D
D

1 1
F

L

L

F

B (13)

Where F and L are the emissivity of the filament and the liquefier wall
surfaces, respectively. Eq. (13) accounts for the surface resistance of
both materials when emitting radiation as well as the geometrical re-
lations between the two surfaces.

2.2. Implementation details

The models were implemented in a general purpose CFD software
FLOW-3D v.12 [33]. The equations for material flow were solved using
an implicit pressure-velocity solver GMRES (Generalized Minimum
Residual) [34–36]. The energy equation was also solved with an im-
plicit time-discretization and a second-order accurate scheme in space.
The free surface of the fluid in Model 2 was advected explicitly using
the volume of fluid (VOF) method [37] with a sharp interface re-
construction. The problem was assumed to be axisymmetric and a 2D
cylindrical mesh was used, as shown in Fig. 2. The mesh was refined
close to the channel walls, as shown in Fig. 2b. Three mesh sizes were
tested (see Table 1), and the mesh with the intermediate resolution was
used throughout the study, as it provided a good compromise between
accuracy and computational cost. Boundary conditions imposed on the
pressure and velocity field in both models are sketched in Fig. 2c. The
length of the channel differed between the two models by the heat
break and heat sink sections, which were not included in Model 1. At
the top of the domain, a short inlet section with diameter DF and perfect
slip condition was inserted upstream of the channels. A no slip condi-
tion was applied on the remaining channel surfaces. For Model 1, the
pressure outlet boundary condition was specified at the nozzle exit,
whereas for Model 2, a continuative boundary (zero spatial derivative
of velocity across the boundary) was specified just outside of the nozzle
orifice. To improve the numerical convergence, the maximum viscosity
in the simulation was limited to 106 Pa∙s.

The wall of the channel had a prescribed known temperature Tw as
indicated in Fig. 1c. The heat flux from the wall to the polymer was
calculated as

=q h T T( )w w (14)

Where T is the temperature of the polymer in contact with the wall; h is
the heat transfer coefficient at the channel wall that includes the
thermal resistance of the interface. We have conducted an inverse
analysis to find the heat transfer coefficient by comparing the numerical
results with experimental measurements of the filament feeding force
[5], which are discussed in Section 2.5. Three cases of h were in-
vestigated, as given in Table 2. For reference, the local Nusselt number
(indicating the ratio of convective to conductive heat transfer),
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=Nu hD k/B , is also provided. Case 1 represents a perfect thermal
contact (large h), while Case 2 a poor thermal contact (small h). In Case
3, h depends on the flow conditions inside the hot-end and the details of
its implementation together with the influence of h on the numerical
simulations are discussed in Section 3.2.

2.3. Post-processing of the CFD results

The results of the CFD simulations were post-processed using
MATLAB to calculate the filament feeding force i.e. the force applied to
the solid filament by the feeding mechanism to overcome the pressure
drop inside the channel. The balance of forces acting on the fluid in the
z-direction for the control volume shown in Fig. 3 is

+ =F F 0normal tangent (15)

= + +F F F Fnormal p in p out p cone. . . (16)

= + +F F F Ftangent barrel cone capillary. . . (17)

Where F F F, ,p in p out p cone. . . are the force contributions coming from the
fluid pressure at the inlet, outlet and conical surface of the contraction
section, respectively. In addition, F F F, ,barrel cone capillary. . . are the forces
generated due to tangential stresses at the walls of the barrel, con-
traction and capillary sections, respectively. Due to very low a Reynolds
number (Re 10 5), the inertial terms in the force balance are ne-
glected.

Assuming that the fluid is at atmospheric pressure at the outlet (the
substrate is far away from the nozzle orifice), we have =F 0p out. .
Therefore, the total feeding force F of the filament is

= = + + +F F F F F Fp in p cone barrel cone capillary. . . . . (18)

The tangential forces applied to the fluid control volume by the
barrel and capillary walls, F barrel. and F capillary. , correspond to the in-
tegrals of the shear stress component = +( )rz

u
z

u
r

r z on the cylind-
rical surfaces Sbarrel and Scapillary:

Fig. 2. Illustration of the axisymmetric cylindrical mesh used in the study (Mesh2). (a) Outline of the entire mesh; (b) Contraction and capillary sections; (c) Sketch of
the boundary conditions imposed on the pressure-velocity solver.

Table 1
Mesh resolution and quality.

Quantity Unit Mesh 1 Mesh 2 Mesh 3

Number of cells – 13 024 38 544 154 030
Maximum cell length (in X / Z direction) μm 51 / 70 31 / 47 17 / 20
Minimum cell length (in X / Z direction) μm 15 / 50 8 / 33 4 / 20
Maximum ratio of neighboring cells (in X / Z direction) – 2.3 / 1 1.5 / 1 1.3 / 1
Maximum aspect ratio (Z:X ratio) – 4.6 5.8 4.9

Table 2
Heat transfer coefficient at the channel wall.

Heat transfer
coefficient

Local Nusselt
number

Comment

h [W/(m2K)] Nu [-]
Case 1 106 6060 Perfect thermal contact
Case 2 2000 12 Poor thermal contact
Case 3 Variable from 400

to 6000
Variable from 2
to 36

Thermal contact dependent on
the flow conditions

Fig. 3. Control volume inside the hot-end used for the calculations of the filament feeding force.
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= = =F dA rd dz D dzbarrel S rz L rz B L rz. 0

2

barrel B B (19)

= = =F dA rd dz D dzcapillary S rz L rz C L rz. 0

2

capillary C C (20)

Where =dA rd dz is the differential area of the cylindrical surfaces; r ,
, z being the radial, azimuthal and axial cylindrical coordinates, re-
spectively. The line integrals dzL rzB

and dzL rzC
were calculated

numerically. The force applied by the wall of the cone section onto the
fluid control volume decomposes into a pressure component Fp cone. and
a shear stress component F cone. . The pressure acts in the normal di-
rection = +ˆ ˆˆ( ) ( )n r zcos sin2 2 of the surface whereas the shear stress
acts in the tangential direction inside the axial plane

= + ˆˆ ˆ( ) ( )s r zsin cos2 2 ; see Fig. 3. The radial components cancel out
when integrating the local pressure and shear stress over the azimuthal
angle of the cone surface Scone, and only axial components contribute
to the total forces. Therefore, Fp cone. and F cone. are calculated with the
following integrals:

=F p dAsin
2p cone S.

cone (21)

=F dAcos
2cone S ns.

cone (22)

Where the differential area of the cone is =dA rd ds and
=ds dr/sin( /2). Therefore

= =F p rd dr p r dr2p cone D
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= =F rd dr r drcot
2
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c

B
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B

(24)

The integrals p r drD
D

/2
/2

c
B and r drD

D
ns/2

/2
c

B were calculated nu-

merically, and the local shear stress component = +( )ns
u
s

u
n

n s was
calculated by projecting ur and uz on n̂ and ŝ and differentiating nu-
merically.

2.4. Physical properties of the filament material

The parameters of the fluid in the numerical simulations represent
the ABS filament (COEX, black pigment) that was used in our experi-
mental measurements published in [5]. For the purpose of this work,
we extended the temperature range over which the rheology of the
polymer was characterized. Small amplitude oscillatory tests were
performed using an Anton Paar MCR 502 rheometer equipped with a
CTD600 heating chamber module. The parallel plate measurement
system was used with a gap of 0.6 mm. First, an amplitude sweep was
performed at a frequency of 10 rad/s to find the limit of the linear

viscoelastic range. Next, the frequency sweeps were performed at a
strain amplitude of 0.5 %, for temperatures T ranging from 125 °C up to
250 °C with an increment of 25 °C. The dynamic viscosity at each
measurement temperature was estimated from the complex viscosity
using the Cox-Merz rule. The dynamic viscosities measured at dif-
ferent temperatures T were then shifted to create a master curve of
reduced viscosity vs. reduced shear rate. The details of obtaining the
time-temperature shift factor aT used for creating the viscosity master
curve are described in our previous publication [5]. The power law (Eq.
(9)) and WLF model (Eq. (11)) were fitted to the rheological data shown
in Fig. 4. A special attention was given to fit correctly the complex
viscosity of the master curve in the range of shear rates between 10 s−1

and 103 s-1 that is representative of material extrusion additive manu-
facturing. The rheological constants are given in Table 3. Moreover, the
table contains remaining material parameters that were used in the
simulations.

2.5. Experimental validation

The results obtained by the numerical simulations were validated
against experimental measurements of the filament feeding force [5].
All the measurements were made using E3D v6 and volcano hot-ends
and different nozzle diameters; their dimensions are listed in Table 4.
The force was measured using a load cell inserted between the extruder
and the hot-end, as shown in Fig. 5. For each printing condition, the
material was extruded for 60 s and the last 30 s were used to calculate
an average filament feeding force F and a standard deviation of the
force F( ) with respect to time. The detailed description of the mea-
surement method can be found in [5].

Fig. 4. Rheological characterization of ABS. (a) Master curve at Tr = 200 °C; (b) Temperature dependency of the shift factor.

Table 3
Thermal and rheological material properties of the ABS.

Property Symbol Unit Value Source

Reference temperature Tr °C 200 –
Glass transition temperature Tg °C 105 [38]
Specific heat capacity Cp J/(kg⋅K) 1470 [6]
Thermal conductivity k W/(m⋅K) 0.33 [6]
Reference density r kg/m3 945 [6]
Coefficient of linear thermal expansion CTE °C 1 9.82 10 5 [38]
Consistency index K Pa·sn 30104 Measured
Power-law index n – 0.24 Measured
WLF constant 1 C1 – 8.97 Measured
WLF constant 2 C2 °C 155.2 Measured
Filament emissivity F – 0.92 [39]
Liquefier wall emissivity B – 0.60 [40]
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3. Numerical results

3.1. Preliminary results - polymer melting and filling of the empty liquefier

As a starting point, both Models 1 and 2 are used to simulate the

polymer flow inside the hot-end at low filament feeding rate. In Model
1 (no free surface), as an initial condition, the entire channel is filled
with molten polymer at a temperature equal to the liquefier wall tem-
perature ( = °T 200 CL ). In Model 2 (free surface resolved), the channel is
initially empty. Next, a cold solid filament ( = °T C25 )IN is inserted at
the inlet boundary, with a constant feeding rate =V 40 mm/min. For
both of the simulations, Case 1 (perfect thermal contact with the wall)
is assumed, as discussed in Section 2.2. The temperature profiles as a
function of time for the two different models are shown in Fig. 6. All
simulations are performed for LH = 17.5 mm and DC = 0.4 mm. The
simulation with Model 1 very quickly reaches a steady state and the
polymer temperature rises rapidly to the liquefier wall temperature,
creating a nearly isothermal flow conditions in the majority of the
channel. For Model 2, it can be seen that as the solid filament travels
through the empty hot-end, it gets heated by radiation from the channel
walls. However, heat transfer by conduction and convection becomes
dominant once the filament touches the channel wall. When the melting
process of the fresh filament begins, the melt zone moves upstream
towards to the top of the liquefier. A steady state is reached, when the
melt zone extends to its maximum position that is situated at the heat
break, where the wall temperature decreases (see Fig. 1c). The time it
takes to reach the steady state in Model 1 is shorter than in Model 2, as

Table 4
Dimensions of the hot-end channel, as implemented in the numerical model. The dimensions are based on publicly available documentation from E3D [41].

Dimension Symbol Unit Value

Capillary (nozzle) diameter DC mm 0.25 0.30 0.35 0.40 0.50 0.60 0.80
Capillary length LC mm 0.38 0.45 0.53 1.60 0.90 1.20 1.60
Heated length LH mm 17.5 17.5 17.5 17.5 26.0 17.5 17.5 17.5
Barrel diameter DB mm 2.00
Heat break length LHB mm 2.00
Heat sink length LHS mm 1.00
Filament diameter DF mm 1.75
Contraction angle α ° 60

Fig. 5. Sketch of the measurement setup [5]. (1) Extruder Bondtech QR, (2)
E3D v6 or volcano hot-end with variable nozzle diameters (see Table 4), (3)
PTFE Bowden tube, (4) 3D printer controller RAMPS v1.4; (5) 20 kg load-cell;
(6) Arduino Mega; (7) 12 V power supply.

Fig. 6. Temperature profiles of the polymer during the filling of the hot-end channel at V = 40 mm/min, with perfect thermal contact with the wall. Black dashed
frames indicate the recirculation regions that is shown in detail in Fig. 7.
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Model 1 is initially filled with the polymer at high temperature, which
is closer to the steady state solution.

Zoomed-in images of the inlet section in Model 1 and the heat break
region in Model 2 are shown in Fig. 7. It can be seen that both models
indicate the existence of a recirculation region between the incoming
filament and the channel wall. In Model 1, the position of the re-
circulation region is determined by the artificial horizontal face with
prescribed no-slip condition. In Model 2, the recirculation region forms
in the heat break section. The polymer inside the recirculation region
has a low temperature and a high dynamic viscosity, which prevents the
melt zone from leaving the liquefier through the top boundary of the
channel. A similar recirculation region was identified by Phan et al.
[28] in their one-phase flow simulation of the liquefier.

For the convenience of the following analysis, a sketch of the solid
filament, the melt zone, and the recirculation region is shown in Fig. 8.
Moreover, the stagnation point indicated in Fig. 8 is defined as the point
at the channel wall where the vertical velocity component changes sign.
The z-coordinate of the stagnation point is measured from nozzle

orifice, where the origin of the coordinate system is located, as shown
in Fig. 1a. The stagnation point is used to monitor the position of the
recirculation region.

3.2. Inverse analysis of the heat transfer coefficient

In this section, numerical results from both of the models are
compared against experimental measurements of the filament feeding
force [5], and the influence of the thermal resistance at the channel
wall on the simulations is investigated. First, a perfect thermal contact
is assumed between the polymer and the wall of the channel (Case 1;

=h 10 W/(m K)6 2 ). Numerical results obtained with both models (with
and without the free surface resolved) are shown in Fig. 9. It can be
seen that both Models 1 and 2 predict similar feeding force (Fig. 9a and
b) that agrees well with the measurements at the lowest feeding rate.
However, the simulated force quickly diverges from the measurements,
when the feeding rate is increased. Previously published results [1,5]
indicated that the outlet temperature at the nozzle exit can be sig-
nificantly lower than the liquefier wall temperature (up to 50 °C). Phan
et al. [1] suggested that fouling (that is the presence of degraded old
polymer) on the surface of the channel can lead to additional thermal
resistance. In Fig. 9c and d, it can be seen that when perfect contact is
assumed (Case 1), the nozzle outlet temperature drops only a few de-
grees at the highest simulated feeding rate, which does not represent
the experimental observations [1,5]. Thus, in Case 2, a surface thermal
resistance is introduced by lowering the value of heat transfer coeffi-
cient at the channel wall to (Case 2; =h 2000 W/(m K)2 ). In case of
Model 1, it leads only to a slight decrease of the outlet temperature and
a slight improvement in the agreement with the force measurements. It
could be argued that the solution with Model 1 could be improved by
lowering h even more. However, for smaller values of the heat transfer
coefficient, we observed that the fluid did not melt at the inlet of the
channel causing enormous shear stress with the liquefier wall and the
feeding force increased an order of magnitude. This is clearly a dis-
advantage of Model 1, as in reality, the solid filament would not be in
contact with the channel walls, due to the air gap, which is not captured
when the free surface is not resolved. For Model 2, the filament feeding
force experiences a minimum at V = 120 mm/min, and then increases
sharply. This behavior can be explained with Fig. 10a, where the po-
sition of the stagnation point that follows the location of the re-
circulation region is plotted. Formation of a stable recirculation region
is possible when the heat flux required to melt the incoming filament is
balanced by the radial heat flux from the channel wall. For low feeding

Fig. 7. A zoomed-in image of the recirculation regions during the steady state (cf. dashed frames in Fig. 6). The arrows indicate velocity vectors. The viscosity scale
was limited for the visualization purpose.

Fig. 8. Sketch illustrating the definition of the solid filament, recirculation re-
gion, stagnation point and the melt zone. The profile of the solid filament is
defined by the isotherm T=105 °C , which is the glass transition temeprature
of the polymer.
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rates, the heat flux necessary to melt the incoming filament is low and
the recirculation region can form far upstream in the heat break section,
where the temperature of the channel wall is relatively low (cf. Fig. 1c).
As the feeding rate is increased, the stagnation point moves down-
stream, where the wall temperature is higher and the radial heat flux is
sufficient to melt the incoming filament. For even higher feeding rates,
the recirculation region is entirely formed in the liquefier section,
where the wall temperature is constant, and further shift of the stag-
nation point downstream does not result in an increased heat flux.
Thus, the radial heat flux becomes no longer sufficient to melt the in-
coming filament, and for Model 2 with Case 2 at V= 120 mm/min, the
stagnation point falls to the bottom of the liquefier. As this happens, the
melt zone moves downstream and an air gap is formed between the
solid filament and the channel wall. This reduces the shear stress in the
liquefier section, causing the feeding force to drop. Moreover, the air
gap limits the heat transfer and the outlet temperature falls dramati-
cally (see Fig. 9d). This solution (Model 2 with Case 2; above

=V 120 mm/min) is similar to the analytical model proposed by Os-
wald et al. [6], where melting of the filament occurs only at the surface
of the contraction section. However, such a large decrease in the outlet
temperature at relatively moderate filament feeding rates does not
agree with the experimental observations. Therefore, neither the

perfect and poor thermal contacts all along the liquefier wall fits the
experiments.

From the analysis above, it can be expected that the thermal re-
sistance must be high enough to cause a notable drop in the outlet
temperature when the feeding rate is increased, but should also lead to a
monotonic increase in the force curve, as suggested by the experimental
measurements. Thus, we introduce Case 3, where the heat transfer
coefficient depends on the position of the recirculation region along the
wall. More precisely, we hypothesize that the heat transfer is enhanced
by the recirculation region. Thus, a large value h 6000 W/(m K)2 is used
at the recirculation region, whereas a lower value =h 400 W/(m K)2 is
used in the region downstream from the stagnation point. The heat
transfer coefficient in this case is recalculated at each time step such that
the two regions (of large and small h) follow the position of the stag-
nation point. The transition between the two regions of different heat
transfer coefficients was approximated by an error function with a
standard deviation of 0.3 mm, instead of a step change in order to avoid
numerical instabilities. An example of such transition is shown in
Fig. 10b. Case 3 provides an improvement in the predictions of both
models, and the agreement with experiments is better for Model 2, where
the free surface is resolved. Moreover, at high feeding rates, the force
simulated with Model 2 with Case 3 was observed to fluctuate in time,

Fig. 9. Influence of the thermal resistance at the channel wall on the numerical solution. Top row: comparison of the measured filament feeding force and simulated
with Model 1 (a) and Model 2 (b). Bottom row: average temperature at the nozzle outlet simulated with Model 1 (c) and Model 2 (d).

Fig. 10. (a) The z – coordinate of the stagnation point for different cases of thermal contact at the channel wall. Simulated with Model 2. (b) Example of the heat
transfer coefficient at the wall as a function of the z-coordinate for three different cases of thermal contact.
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which was also observed during the experiments. A plausible cause of
these fluctuations is discussed in the next section. Thus, for the rest of the
paper, only results from Model 2 with Case 3 will be presented. Although
the reported values of the heat transfer coefficient for Case 3 present the
best fit to our experimental measurements of the feeding force, we note
that they still bear some uncertainty. This is due to the fact that our
model does not include the viscoelastic effects in the polymer melt,
which may influence the simulated feeding force.

3.3. Influence of the filament feeding rate on the flow

Fig. 11 shows the simulated temperature (top) and pressure
(bottom) inside the hot-end channel during the flow. The pressure is
only shown for the liquid phase, while the solid region is left blank. As
it was shown in Section 3.1, the melt zone extends nearly up to the heat
break during the steady state. Thus, as the initial condition, the channel
is assumed to be filled with molten polymer up to the heat break (see

Fig. 11. Temperature (top) and pressure (bottom) during the polymer flow though the hot-end at different filament feeding rates. The pressure is shown only for the
liquid phase and the scale is limited to 10 MPa. Simulated with Model 2; Case 3.
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Fig. 1b), in all the simulations. First, the flow for V = 40 mm/min is
simulated and a steady state solution is reached after around 15 s. In the
next simulation, the filament feeding rate is increased up to V = 160
mm/min and the average temperature of the polymer drops sig-
nificantly (thereby causing an increase of the polymer viscosity), which
also increases the pressure drop. The profile of the solid filament pe-
netrates deeper downstream, but the position of the recirculation region
remains relatively unchanged. This is the maximum feeding rate, for
which the extrusion is considered stable. However, as the feeding rate is
increased further up to 200 mm/min, the radial heat conduction is not
sufficient to melt the polymer quickly enough and the solid filament
penetrates into the channel, pushing the melt zone downstream. As the
filament diameter is smaller than the barrel diameter, an air gap is
formed between the solid filament and the thin layer of polymer at the
wall of the liquefier, which prevents the conductive heat transfer. As
the solid filament approaches the contraction section, the fluid is
pressed against the conical surface. The increase in pressure creates a
backflow, which seals the air gap and increases the wall contact area
(thereby enhancing the heat transfer). This counteracts the penetration
of the solid filament into the channel, and after an initial transient
period, the melt zone stabilizes at approximately half of the liquefier
length. When the feeding rate is increased further, the aforementioned
phenomena (penetration of the solid filament and the backflow) do not

balance each other and the extrusion becomes unstable. For the highest
simulated feeding rate (280 mm/min), large oscillations of the melt
zone and pressure are still present after 60 s of the total simulation
time. The pressure scale in Fig. 11 is limited to 10 MPa to ease the
comparison, however the maximum pressure during this simulation
reached up to 40 MPa.

Fig. 12 compares the simulated (dashed lines) and measured (con-
tinuous lines) feeding force as a function of time for different filament
feeding rates. For low and moderate feeding rates (V ≤ 200 mm/min),
when the extrusion is stable, it can be seen that the simulated feeding
force slightly over-predicts the measurement. The magnitude of this
discrepancy is however acceptable taking into account the uncertainties
related to the complex phenomena in the simulated problem, such as
the coupled heat and mass transfer, the presence of the free surface,
phase change, and non-Newtonian fluid flow. As the feeding rate is
further increased, the simulations and the measurements remain in
qualitative agreement, as both indicate oscillations in the feeding force.

Fig. 12. Comparison of the measured (continuous lines) and simulated (dashed
lines) filament feeding force as a function of time.

Fig. 13. (a) Total average feeding force as a
function of the filament feeding rate; (b) and
(c) Contributions of different channel sections
to the total feeding force, according to Eqs.
(18)–(24); (d) Time and spatial average of the
shear rate at the wall in the different sections
of the channel. The fluctuations in the feeding
force and shear rate with respect to time are
represented by error bars that are equal to

F1.5 ( ) and 1.5 ( ), respectively.

Fig. 14. Comparison of the measured (points) [5] and simulated (lines) feeding
force as a function of the filament feeding rate, for different liquefier tem-
peratures. The fluctuations in the feeding force are shown with the error bars
equal to 1.5 F( ).
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The oscillations predicted by the simulation are larger than the mea-
sured ones, which could be due to the fact that the solid part of the
filament was modelled as perfectly rigid while, in fact, it is a viscoe-
lastic solid that undergoes elastic deformations (in compression), which
may damp some of the variations in the feeding force.

In Fig. 13a, the average simulated feeding force is plotted against
the filament feeding rate and compared with the analytical solution
from Bellini et al. [3] and our previous experimental results [5]. It can
be seen that the proposed numerical model provides a significant im-
provement in the prediction of the feeding force with respect to the
analytical solution. Moreover, as the feeding rate is increased, the
model captures the change in the slope of the force curve, which in-
dicates the transition from the stable to unstable extrusion regime.
Fig. 13b and c compare the simulated contributions of the different
channel sections to the total feeding force, as given in Eqs. (18)–(24).
Fig. 13d presents an average simulated shear rate at the wall of the
different channel sections. It is observed that for low and moderate
feeding rates (V ≤ 200 mm/min), the barrel (sections I, II, and III
combined, see Fig. 1b) gives the largest contribution to the force. Al-
though the shear rates in the barrel section are the smallest, the ap-
parent viscosity and the channel surface area are large, which results in
a dominating contribution to the force. However, as the feeding rate is
increased, F barrel. decreases as less shear stress is generated at the wall
due to shortening of the melt zone (cf. Fig. 10a; Case 3). At the same
time, the normal force acting on the cone surface Fp cone. becomes
dominant due to the increasing pressure. Surprisingly, we find that the
capillary section has the smallest contribution to the feeding force due

to its relatively small surface, although the average shear stresses and
shear rates are the highest there. For reference, an analytical solution
for an isothermal flow of a power law fluid through a cylinder was
plotted [26, Table 4.2−1]. It can be seen that for the lowest simulated
feeding rates, the analytical solution agrees with the simulation as the
flow is almost isothermal. The two solutions diverge as the polymer
temperature differs from the liquefier wall temperature at higher
feeding rates.

3.4. Influence of liquefier temperature

Fig. 14 compares the simulated (lines) and measured (points)
feeding force as a function of the feeding rate for different liquefier
temperatures. For each liquefier temperature, two extrusion regimes
can be identified in the shape of the feeding force curve. In the first
regime, the feeding force increases roughly linearly, with a slope de-
pendent on the liquefier temperature. In the second regime, the force
increases with a much higher slope, and it oscillates with respect to
time. These two regimes correspond to the stable and unstable extru-
sion, as discussed in the previous sections. The transition point between
the two regimes is the maximum filament feeding rate at which the hot-
end can operate without unstable extrusion; and it increases with the
temperature. It can be seen that the model captures the dependence of
the feeding force on the temperature and the increase in the maximum
feeding rate with the higher liquefier temperature. However, the
magnitude of the feeding force for the higher liquefier temperatures is
overestimated, which could be due to a potential dependence of the
wall heat transfer coefficient on the temperature that was not ac-
counted for in the model.

3.5. Influence of the hot-end geometry

Fig. 15 compares the measured and simulated filament feeding force
as a function of the nozzle diameters for =V 100 mm/min and

= °T 200 CL . As expected, both the measurements and simulations in-
dicate increasing feeding force when the nozzle diameter is decreased,
which is due to larger shear rates in capillaries with smaller diameters.
However, the change in the feeding force for different nozzle diameters
measured in the experiment is larger than the model’s prediction. One
of the reasons for this discrepancy could be the material model used in
the numerical simulation. The polymer (ABS) was simulated as a
Generalized Newtonian Fluid with a temperature dependent power-law
viscosity function. However, molten polymers are well known for vis-
coelastic material behavior [30], and viscoelasticity generally affects
the extrusion process [42,43]. The elastic effects of the melt generate
additional resistance to flow, especially at the entrance to the capillary

Fig. 15. Comparison of the simulated and measured filament feeding force as a
function of the nozzle diameter.

Fig. 16. Influence of the length of the heated section on the flow. (a) Comparison of the measured (dots) and simulated (lines) feeding force. (b) Simulated outlet
temperature. The error bars indicate the feeding force and temperature fluctuations equal to 1.5 F( ) and 1.5 T( ), respectively.
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i.e. in the contraction section where an elongational flow occurs [44].
The influence of the elasticity of the melt on the pressure drop depends
on the rate of elongation, which increases with the contraction ratio
(barrel diameter to capillary diameter) [45]. Hence, this comparison
reveals the model limitations in capturing the feeding force dependence
on the nozzle diameter, when the heat transfer coefficients with the
barrel’s wall are calibrated to fit experiments for one nozzle diameter
(DC = 0.4 mm), without including viscoelastic effects.

A comparison of the measured (points) and simulated (lines) fila-
ment feeding force for two lengths of the heated section (see Table 4) is
given in Fig. 16a. At low feeding rates, the measured force is almost
identical for both of the liquefiers. At higher feeding rates, the mea-
sured force is lower for the longer heated section, which is explained by
the larger surface area of heat transfer with the channel walls [5].
Fig. 16b compares the simulated outlet temperature of the polymer, for
two liquefier lengths. It can be seen that the longer liquefier provides a
higher polymer temperature at the outlet, especially for higher feeding
rates. Moreover, the measured feeding force starts to oscillate at a lower
feeding rate for the shorter liquefier. Thus, increasing the liquefier
length increases the maximum feeding rate before the extrusion be-
comes unstable [5]. The numerical results show that the force oscilla-
tions at high feeding rates are smaller for the longer heated section,
meaning a more stable extrusion. However, simulations with both li-
quefier lengths predict nearly the same magnitude of the average
feeding force at high feeding rates, unlike the experiments. Possibly, the
solid filament is more likely to deform and/or buckle in the long li-
quefier [46], which effectively enhances the contact area of heat
transfer, thereby reducing the feeding force. Therefore, the model could
also be improved by including elastic deformations of the solid part of
the filament.

4. Conclusions

This work presented CFD simulations of the flow of polymer inside
the hot-end channel. Two alternative modeling approaches were in-
vestigated: Model 1, where the entire domain was fully filled with the
polymer, and a novel Model 2, where the free surface of the polymer
inside the liquefier was resolved. It was shown that at low and mod-
erate filament feeding rates, the melt zone extends up to the heat break
and a recirculation region forms between the incoming filament and the
channel wall. The relatively low temperature and high viscosity within
the recirculation region prevent an excessive backflow of the polymer
and jamming of the feeding mechanism. Interestingly, both Model 1
and Model 2 predicted the existence of the recirculation region. Using
the experimental measurements of the filament feeding force, an in-
verse analysis was done to estimate the heat transfer coefficient at the
channel wall. Three cases that represented different thermal resistances
at the surface of the channel were investigated. The measurement data
were represented most accurately by Model 2 with Case 3, where the
heat transfer coefficient was enhanced within the recirculation region.
Moreover, Model 2 predicted feeding force oscillations at high feeding
rates that were also observed in the experimental measurements.
Ultimately, Model 2 was found to be superior and used in the rest of the
analysis.

Based on the simulations performed with Model 2, a detailed ana-
lysis of the flow regimes occurring in the hot-end was presented. The
length of the melt zone remains approximately constant until a max-
imum feeding rate is reached. Below the maximum feeding rate, the
extrusion is stable and the feeding force increases approximately line-
arly as a function of the feeding rate. Above the maximum feeding rate,
the extrusion becomes unstable as the feeding force fluctuates. The
instability was hypothesized to be due to cyclic competing phenomena
that take place in the liquefier at high feeding rates. First, the radial
heat transfer is not sufficient to melt the polymer quickly and the solid
filament penetrates the channel down to the contraction section. An air
gap between the solid filament and the liquefier wall is created, which

prevents the conductive heat transfer. As the solid filament reaches the
contraction, the pressure in the molten polymer increases and creates a
backflow which fills the air gap and improves the heat transfer by ex-
tending the length of the melt zone. As a result, the polymer tem-
perature increases and the viscosity drops, thereby reducing the pres-
sure. Then, the cycle repeats itself.

Different liquefier temperatures and channel geometries were si-
mulated and the results were compared with the measurements. In
general, the proposed numerical model reproduces the same trends as
in the experiments but there were quantitative differences in the pre-
dicted feeding force. The potential reasons for the discrepancies are the
Generalized Newtonian Fluid model, which neglects viscoelastic effects
of the elongational flow in the contraction section, and the wall heat
transfer coefficient’s invariance to temperature. Moreover, we have also
hypothesized that the elastic deformations (compression and buckling)
of the solid filaments, which are not accounted in the current model,
could plausibly reduce the feeding force by enhancing the contact with
the liquefier wall and promote melting. These shortcomings need to be
addressed in the next generation of numerical models. Nevertheless, the
presented simulations are a helpful tool for understanding steady and
transient flows of polymer inside the hot-end. The proposed model
could also be used to anticipate the liquefier response to sudden
changes in the feeding rate, which could help to develop more so-
phisticated control strategies for the liquefier heater.
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Abstract 
This paper investigates the influence of shear-rate dependent viscosity on the strand deposition flow during Extrusion-Based Additive 
Manufacturing. Extrusion-Based Additive Manufacturing, also known as Fused Deposition Modeling (FDM), is a manufacturing 
method in which material is joined layer by layer into a 3D object. A solid filament is heated above the melting point and extruded 
through a nozzle to form a strand. The process is modelled within the paradigm of Computational Fluid Dynamics as an isothermal 
Generalized Newtonian fluid flow. The power law is used as the constitutive relation between the shear-rate and the viscosity.  
A sensitivity study of the model’s input parameters (power-law index and consistency index) is made. The simulations are performed 
varying two process parameters: the vertical distance between the substrate and nozzle exit as well as the relative horizontal velocity 
between the substrate and nozzle. The model is used to investigate the cross-sectional shape of the strand after the deposition and 
the force exerted on the substrate by the material extruded from the nozzle (the printing force). Under the tested conditions, we 
find a neglible change in the cross-sectional shape and the printing force behaviour when varying the power-law index and the 
consistency index. Thus, it is concluded that the Newtonian fluid model provides a sufficient approximation to simulate the deposition 
flow under the given assumptions. 
 
3D printing, Simulation, Deposition, Flow 

1. Introduction 

In Extrusion-based 3D printing, also known as Fused 
Deposition Modeling (FDM), a thermoplastic material is joined 
together in a layer by layer manner to form a 3D object [1].  The 
raw specimen is in form of a solid filament that is fed by rollers 
to the liquefier where it is heated above the melting point and 
extruded through a nozzle. The first layer is usually deposited on 
the support platform while the next layers link to the previously 
extruded by the means of temperature driven diffusion [2]. 

FDM offers fewer constraints in geometry design as compared 
to e.g. injection moulding. However, the process is slow and 
there is a limited control over the part properties such as the 
strength, the porosity, and the surface roughness.  

One of the steps towards improvement of the FDM method is 
understanding of the molten plastic flow through the nozzle and 
its deposition on the substrate. First, the pressure drop in the 
nozzle determines the force needed to be applied by the rollers 
to feed the filament [3]. Second, the deposition flow governs the 
strand shape which is important to model the inter-layer 
bonding [2, 4] and the cooling of the part [5]. Further, the cross-
sectional shape is related to the surface roughness of the part 
[6] and its porosity [7].  

Recently, a numerical procedure to predict the shape of the 
strand cross-section and the force applied by the fluid on the 
substrate (the printing force) was presented by Comminal et al. 
[8]. Under the assumptions of an isothermal Newtonian fluid 
and a creeping flow, it was found that the filament cross-section 
can vary significantly, depending on the printing conditions, and 
that the printing force is linearly dependent on the substrate 
velocity.  

In this work, we go a step further and quantify the impact of  
pseudoplastic properties of the fluid on the deposition flow in 
the FDM process. In Section 2, an overview of the physical and 
numerical model is given together with a summary of the 
parameters that were used in this study. In Section 3, results of 
the simulated strand cross-sections and the printing force are 
shown. We conclude and summarize the study in Section 4. 

2. Model and materials 

2.1. Description of the physical and numerical model 
The model used in this paper is based on work of Comminal et 

al. [8] and focuses on the flow of the molten filament in the 
region between the nozzle and the substrate. The geometry of 
the model is presented in Figure 1. The nozzle is included as a 
stationary tube with an internal diameter D. The strand is 
deposited on a planar substrate that moves with a velocity V and 
is placed perpendicular to the nozzle’s axis at a distance g. As the 
velocities are constant, the two opposite configurations where 
the nozzle moves and the substrate is fixed, and vice versa, are 
equivalent. The problem has a symmetry plane so only half of 
the domain is simulated. The flow is assumed incompressible 
and isothermal. Although, the temperature variation is limited 
in the simulated region, the isothermal assumption provides a 
first approximation of the deposition flow. Finally, a no slip 
boundary condition between the fluid and the solid walls (the 
nozzle and the substrate) is assumed. 

 
2.2. Model input and parameters    

The materials used in the FDM process are known for their 
shear thinning properties [9]. The power law is used to represent 
the shear-rate dependent viscosity of the fluid 

 𝜂(�̇�) = 𝐾�̇�𝑛−1 (1) 



  

where γ ̇ is the shear rate [1/s], K is the consistency index  
[Pa · sn], and n is the power law index [-]. The material enters the 
nozzle at the inlet boundary with a uniform velocity U (plug 
flow), but the length of the nozzle is sufficient for the laminar 
flow to become fully-developed before the nozzle exit.  
 

 
 

Figure 1. Geometry of the numerical model [8]. 

The input parameters and the material properties used in the 
simulations are summarized in Table 1. A parametric study of the 
rheological parameters was performed, starting with the values 
reported by Nikzad et al. [9], K = 680 Pa⋅sn and n = 0.4.  
 
Table 1. Parameters used in the numerical simulations. 
 

Variable S. Unit Value 

Inner nozzle diameter D mm 1 

Gap distance g mm {0.4, 0.6, 0.8, 1} 

Uniform inflow velocity U mm/s 20 

Substrate velocity V mm/s {10, 15, 20} 

Consistency index K Pa · sn {200, 680, 3000} 

Power Law  index n - {0.2, 0.4, …, 1.0} 

Fluid density ρ kg/m3 800 

Gravity acceleration a m/s2 -9.81 

 
2.3. Principles of the numerical simulations 

The flows were simulated with the software ANSYS® Fluent 
R18.2 [10]. A tetrahedral mesh was used with a maximum length 
of the element edge δl=60 μm and a time step of 1 ms. An 
implicit scheme was chosen to advance the governing equations 
in time and the coupled volume-of-fluid/level-set method was 
used to track the surface of the fluid. The simulations were 
running for 2.5 s before obtaining steady state solutions. 

3. Results 

3.1. Morphology of the printed filament 
The strand’s cross-sections monitored at the outlet boundary 

are shown in Figure 2. The change of viscosity model from the 
Newtonian fluid to the power-law fluid has a negligeble impact 
on the shape of the strand cross-section. This observation was 
confirmed in all the tested printing conditions (see Table 1). 
 
3.2. Printing force 

The gauged pressure (relative to the atmospheric pressure) 
acting on the substrate was normalized by the average viscous 
stress in the nozzle. This normalized pressure was integrated 
over the substrate surface in order to obtain the normalized 
printing force. In Figure 3, the printing force for the Newtonian 
and the power-law fluids, as a function of printing conditions, 
are compared. The figure shows that the introduction of a shear-
rate dependent viscosity changes the magnitude of the printing 
force, but not its linear trend with respect to the substrate 
velocity. 

           g/D = 1, V/U = 1           g/D = 1, V/U = 0.5 

  

  
 
Figure 2. Strand cross-section for the Newtonian (top) and the power-
law (bottom) fluids. 

 
 

Figure 3. Normalized printing force as a function of the substrate 
velocity for the Newtonian (stars) and the power-law (squares) fluids. 

4. Summary and conclusions      

This paper quantifies the influence of shear thinning effect of 
the molten plastic on the strand deposition during Extrusion-
Based Additive Manufacturing. The results show no significant 
change in the cross-sectional shape of the strand. Moreover, the 
shear-thinning affects the magnitude of the printing force, but 
not its linear trend with respect to printing speed. Thus, we 
conclude that the Newtonian fluid assumption is sufficient to 
predict the strand cross-section and the order of magnidude of 
the printing force. However, the results should be treated as a 
first approximation due to the isothermal process assumption. 
Further work will be focused on the experimental validation of 
the numerical model. 
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Extrusion-based additive manufacturing is one of the most popular 3D printing
methods. A thermoplastic material is forced through a nozzle and selectively
deposited in the form of a strand in order to create a layer of a sliced three
dimensional component. Commonly used materials are acrylonitrile butadiene
styrene (ABS) and polylactic acid (PLA) plastics, which are known for their shear-
thinning behavior (shear-rate dependent viscosity) [1,2].

In this study, we investigate numerically how the shear-thinning behavior of the
build material influences the deposition flow. Accurate modelling of the strand
deposition is essential for proper prediction of the part roughness, porosity,
tensile strength and the process control.

(Normalized by the average viscous shear stress inside the extrusion nozzle)

(Normalized by  the total viscous force F0 inside the cross section of the nozzle)
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Abstract 
In this study, the force required to feed the solid filament through the nozzle in material extrusion additive manufacturing was 
measured and analysed. The filament is a source of the building material in this process, but also acts as a piston to drive the flow of 
the molten polymer. Thus, the filament feeding force relates to the pressure inside the nozzle and the flow conditions, which are not 
well understood yet, due to the complex rheology of polymers. An experimental setup was designed and built to measure the filament 
feeding force at different extrusion temperatures and flow rates. It was observed that at high feeding rates, the force starts to 
oscillate, indicating pressure fluctuations in the flow, which could be due to viscoelastic phenomena of the molten polymer or 
oscillating length of the melt zone inside the liquefier. Moreover, the pressure fluctuations were accompanied by the fluctuations in 
the extrudate swelling, which might lead to a degradation of the geometrical quality of the prints. These effects must be understood 
in order to maintain manufacturing precision when increasing the building rates in future material extrusion additive manufacturing 
machines.  
 
Material extrusion additive manufacturing, experimental measurements, extrusion force, polymer flow     

1. Introduction 

In material extrusion Additive Manufacturing (AM), also 
known as Fused Filament Fabrication (FFF) and Fused Deposition 
Modelling (FDM), a solid filament is used to supply the building 
material, and to generate the pressure inside the liquefier and 
the extrusion nozzle (together called the hot-end). The filament 
is fed by one or two gear wheels that are driven by a stepper 
motor (the cold-end), which is controlled in an open loop system. 
The filament, made of polymer, is melted in the hot-end and 
extruded layer by layer to create a 3D object. The extrusion 
temperature is usually controlled with a PID loop using a 
thermistor mounted inside the liquefier that provides the only 
feedback about the flow conditions inside the hot-end, in most 
of the machines. 

The simple design and low cost of material extrusion AM 
machines is one of the reasons for their success on the market. 
However, the lack of closed-loop control makes the choice of 
printing parameters a crucial step in achieving desired 
properties of the produced component. This is very challenging 
due to complex physical phenomena that govern the process. In 
particular, the melting and the flow of polymer through the 
liquefier is not well understood yet in the literature, as discussed 
in [1,2]. For instance, as the inverse function of the liquefier 
response to a change of the feeding rate is generally unknown, 
it is impossible to predict extrusion rate at transient states, 
which are very common during the process due to additive 
nature (object is manufactured by printing short segments). The 
extrusion rate determines shapes of the printed stands and 
therefore macroscopic properties of the part [3–6].  

Furthermore, among major limitations to increase the building 
rates in material extrusion AM, are the filament feeding 
mechanism and the rate of heat transfer inside the hot-end [7]. 
The first limitation relates to the magnitude of force that needs 

to be applied to the filament in order to overcome the pressure 
drop in the extrusion nozzle. The rate of heat transfer 
determines how quickly the filament will be melted without 
overheating and degrading the polymer. In essence, both of 
these limitations also relate to the fluid dynamics of molten 
polymer in the extrusion nozzle. 

The flow phenomena governing the process can be 
understood through a careful analysis of the conditions inside 
the hot-end. Phan et al. [8] estimated the pressure inside the 
nozzle based on the power delivered to the stepper motor. 
Anderegg et al. [2] used a pressure transducer mounted inside 
the nozzle and reported pressures for different extrusion 
temperatures. Coogan and Kazmer [9] presented a nozzle design 
with an in-situ rheometer that monitors the melt viscosity during 
the process. In these studies, an effort was made to investigate 
the steady state values of the pressure inside the hot-end. 

In this work, we present an experimental setup to measure the 
force required to push the filament through the hot-end. This 
force directly relates to the total pressure drop through the hot-
end and informs about the flow conditions during the process. 
The feeding force is analysed as a function of time and is related 
to the appearance and swell of the extrudate. Section 2 
describes the experimental setup and experiments. The results 
of the study are presented and discussed in Section 3. 
Conclusions are given in Section 4. 

2. Experimental setup 

2.1. Filament feeding force measurements 
Figure 1 presents the experimental setup used in this study to 

measure the filament feeding force. The extrusion has been 
isolated from the deposition by keeping the nozzle away from 
the substrate. The setup was equipped with (1) a BondTech QR 
extruder that differs from many extruders by having two gear 
wheels to drive the filament, providing twice as much area to 



  

apply the feeding force; (2) an E3D v6 hot-end with a nozzle 
diameter of D = 0.4 mm; (3) a RAMPS v1.4 3D printer controller; 
(4) a 20 kg load cell with a HX711 interface; (5)  an Arduino Mega 
controller board as a data acquisition device; (6) a 12 V power 
supply; (7) PLA filament with a diameter Df = 1.75 mm. Both the 
RAMPS v1.4 (3) and the Arduino (5) were connected to a PC via 
USB. The extruder (1), and the hot-end (2) were controlled using 
Marlin firmware [10] and Pronterface [11], which allows online 
command of the 3D printer. The measurement data were 
acquired using Matlab. The load cell and liquefier temperature 
readings were recorded with an average frequency of 10 Hz. In 
order to reduce any noised present in the signal, a moving 
average over last five readings was used during the 
measurement. 

Before the experiments, the PID controller of the heating block 
was tuned using an internal Marlin procedure. Then, the 
extruder control was adjusted to ensure the correct nozzle 
throughput. The adjustment was done by changing the number 
of stepper motor steps per mm in the firmware, until the 
requested length of the filament was fed with an accuracy of 
0.5 %. The uncertainty of the force measurement is estimated as 
a 0.1 % of the total scale of the load cell i.e. 20 kg. Hence, 
uncertainty of the force measurement was around 0.2 N. One 
side of the load cell was fixed to the extruder and the other one 
to the hot-end, similarly as in [7], allowing bending of the load 
cell under the feeding force. 

As previously mentioned, the feeding force is related to the 
pressure inside the liquefier. The molten polymer is pushed by 
the solid filament, which generates the feeding pressure P as 

𝑃 =
𝐹

𝐴
=

4𝐹

𝜋𝐷𝑓
2 

where 𝐹 is the filament feeding force, 𝐴 is the filament cross-
sectional area, and 𝐷𝑓 is the filament diameter. 

Each experiment consisted of extruding the material for 60 s 
at a fixed feeding rate and extrusion temperature Ts. The first 30 
s of each measurement were disregarded as they contained 
transient adjustment of the flow. The average and standard 
deviation of the feeding force and the liquefier temperature 
where calculated from the last 30 s of the experiments. 
Moreover, for each tested printing condition, the 
measurements were repeated three times and the average �̅� 
and standard deviation of the force 𝜎(�̅�) were calculated from 
those three trials. Additionally, the average of the standard 

deviations 𝜎(𝐹)̅̅ ̅̅ ̅̅   with respect to time were calculated, 
representing variations of the feeding force in time within a 
single measurement. The same was done for the calculated 
pressure. The feeding rate V was varied from 0.66 mm/s (40 
mm/min) with increments of 0.33 mm/s (20 mm/min) until the 
required feeding force was so large that the driving wheels 
started to grind the filament. 

 

Figure 1. Picture of the experimental setup (see description in the text). 

2.2. Extrudate swell measurements 
A digital camera was used to record the swelling of the 

extruded material. In most of the tested extrusion conditions, 
the flow reached a steady state and the swell could be measured 
with a single photograph during the extrusion. However, for high 
filament feeding rates, the swell was varying in time and a movie 
was recorded. The recorded pictures and movies were later 
post-processed in Matlab using image recognition. The contours 
of the extruded strands were detected and the extrudate 
diameter De was calculated in multiple points along the strand. 
Next, the results were averaged and normalized by the nozzle 
diameter D to obtain the swell ratio Sr. The uncertainty of the 
method is estimated by the standard deviation of the 
measurements of the extrudate diameter (at printing conditions 
when no fluctuations in the swell were present, i.e. the lowest 
feeding rates). The measured uncertainty of De was around 
10 μm. 

3. Results and discussions 

Figure 2 presents measurements of the feeding force, 
feeding pressure (top), and the liquefier temperature (bottom) 
during the extrusion, at different filament feeding rates F and 
the extrusion set-point temperature Ts = 200 °C. For each 
printing condition, one of the three conducted measurements is 
shown, however the presented analysis is true for all three 
repetitions. Figure 3 presents selected photographs of the 
extruded material at chosen feeding rates and set-point 
temperatures. In Figure 2, we can see that the feeding force is 
relatively constant for low filament feeding rates. When the 
feeding rate is increased, small oscillations of the force are 
visible, however no significant periodic changes in the 
temperature or the diameter of the extruded strand were 
observed (see Figure 3; left). These force (and pressure) 
oscillations in time are quantified by the means of the standard 

deviations (𝜎(𝐹)̅̅ ̅̅ ̅̅  and  𝜎(𝑃)̅̅ ̅̅ ̅̅ ), and are reported in Table 1. It is 
observed that, when changing the filament feeding rate from V 
= 1.7 mm/s to V = 3 mm/s, the standard deviation of the 
measured force increases twofold, while when increasing from 
V = 3 mm/s to V = 4.3 mm/s, the standard deviation increases 
over 10 times, which is due to the observed force oscillations. 
Further increase of the feeding rate caused failure in the 
material extrusion, when the required feeding force exceeded 
the filament material strength. For that case, the time trace of 
the feeding force was shown with a dashed line in Figure 2. The 
extrusion failed at a feeding force of around 150 N (60 MPa), 
which is around twice as high as reported in [7], however it is 
noted that the extruder used in the present study has gear 
wheels on both sides of the filament providing around twice as 
much of contact area to apply the force. By looking at Table 1, it 
can be seen that during the normal operation in material 
extrusion AM, the feeding force will be in the range from 5 N to 
15 N, while corresponding pressure between 1 MPa and 6 MPa, 
However at high feeding rates the pressure can reach values as 
high as 30 MPa. 

In order to investigate the feeding force at higher flow rates, 
the liquefier temperature was increased to 250 °C. This reduced 
the viscosity of the molten polymer and the required feeding 
force, as it can be seen in comparison of Figure 4 (T = 250 °C) to 
Figure 2 (T = 200 °C), and in Table 1. Moreover, we observed less 
extrudate swelling when T = 250 °C (see: Figure 3, middle; and 
Table 1). Interestingly, at V = 6.7 mm/s, high frequency 
oscillations are seen in the measurement of the force, while 
periodical changes are also observed in the diameter of the 
extruded strand (Figure 3; right). By investigating bottom plot of 
Figure 4 and Table 1, it can be seen that variations in the liquefier 
temperature are independent of the feeding rate.



  

Table 1. Statistics of the measurements of the filament feeding force, pressure, liquefier temperature, and swell ratio of the extrudate. 

No 

Feeding 
Rate 

Flow 
Rate 

Set-point 
temperature 

Feeding Force Feeding Pressure 
Liquefier 

temperature 
Swell 
ratio 

𝑽 𝑸 𝑻𝒔 �̅� 𝝈(�̅�) 𝝈(𝑭)̅̅ ̅̅ ̅̅ ̅ �̅� 𝝈(�̅�) 𝝈(𝑷)̅̅ ̅̅ ̅̅ ̅ �̅� 𝝈(�̅�) 𝝈(𝑻)̅̅ ̅̅ ̅̅  𝑺𝒓
̅̅ ̅ 

mm/s mm3/s °C N N N MPa MPa MPa °C °C °C - 

1 1.7 4.0 200 7.5 0.4 0.1 3.1 0.15 0.06 200 0.1 0.5 1.2 

2 3.0 7.2 200 13.6 0.4 0.2 5.7 0.15 0.10 200 0.1 0.5 1.4 

3 4.3 10.4 200 67.7 1.2 2.6 28.2 0.51 1.08 200 0.1 0.5 2.7 

4 5.0 12.0 200 49.1 n/a 37.9 20.4 n/a 15.7 200 n/a 0.5 n/a 

5 1.7 4.0 250 2.5 0.1 0.2 1.1 0.03 0.08 250 0.1 1.3 1.0 

6 3.0 7.2 250 4.7 0.2 0.2 1.9 0.08 0.07 250 1.5 1.3 1.1 

7 4.3 10.4 250 9.1 0.4 0.2 3.8 0.19 0.09 249 0.2 1.3 1.6 

8 5.0 12.0 250 16.4 0.3 0.9 6.8 0.13 0.36 249 0.1 1.1 1.6 

9 6.7 16.0 250 81.0 1.8 6.4 33.7 0.75 2.65 249 0.1 1.2 3.2 

10 7.7 18.4 250 76.2 n/a 33.7 31.7 n/a 14.0 249 n/a 1.4 n/a 

 
Figure 2. Measurement of the feeding force (top) and liquefier 
temperature (bottom) for different filament feeding rates and extrusion 
temperature 200 °C. The force measurement when feeding mechanics 
failed by grinding the filament is shown with dashed line. 

 

   
V= 4.3 mm/s 

T = 200 °C 
V = 4.3 mm/s 

T = 250 °C 
V = 6.7 mm/s 

T = 250 °C 
   

Figure 3. Appearance of the extruded strand at different filament 
feeding rates and temperatures 

 
Figure 4. Measurement of the feeding force (top) and liquefier 
temperature (bottom) for different filament feeding rates and extrusion 
temperature 250 °C. The force measurement when feeding mechanics 
failed by grinding the filament is shown with dashed line. 

This indicates that the force oscillations are rather not caused by 
a failure in the heating block control. However, possible 
explanation of the force oscillations can be due to fluctuating 
temperature of the polymer melt, which may not be reflected in 
the liquefier thermistor readings. The pressure build-up can 
create a backflow of the molten polymer that increases the area 
of contact between the polymer and the liquefier. This, in return, 
would cause the temperature to increase, the melt viscosity to 
decrease, and pressure to drop again. The force oscillations 
could also be caused by the pressure fluctuations due to periodic 
viscoelastic phenomena of the polymeric flow [12,13]. 
Regardless of which mechanism is responsible for the observed 
phenomena, the pressure fluctuations will cause backflow inside 
the nozzle, and oscillating extrusion rate. Hence, observed 
variations in the extrude swell. Further increase of the feeding 
rate led again to the grinding of the filament, which is seen as 
the large drops of the measured force (dashed line). 
  



  

In the end, we look at the relation between the 
aforementioned oscillations in the feeding force and the swell 
ratio of the extrudate. In Figure 5, the time traces (top) and 
power spectral densities (bottom) of the swell measurements 
are shown for the extrusion conditions, at which oscillations in 
the filament feeding force occurred. Fluctuations in the extrude 
swell were clearly visible in two out of three measurements for 
which feeding force oscillations were observed (see Figure 2 and 
Figure 4). By looking at the power spectral densities of the swell 
measurement and the filament feeding force shown in Figure 6, 
it can be seen that periodic fluctuations in the swell and the 
force occur with the same frequency. For V = 5.0 mm/s (Ts = 250 
°C), the peaks in the power density of the swell and the force 
occur at around 0.2 Hz. For V = 6.7 mm/s (Ts = 250 °C), the swell 
and force oscillations have lower and higher frequency 
components, i.e. at 0.2 Hz and 1.5 Hz. This indicates that these 
oscillations are related, and perhaps due to the same physical 
mechanisms, as discussed previously. 

 

 
 

Figure 5. Measurements of the swell ratio in time (top) and power 
spectral density of the signal (bottom). Measurements shown only for 
the extrusion conditions, for which oscillations in the feeding force 
occurred. 

 
 

Figure 6. Power spectral density of the filament feeding force for three 
highest feeding rates, for which oscillations in the signal occurred. 

4. Conclusions 

We designed an experimental setup to measure the filament 
feeding force in material extrusion additive manufacturing. It 
was shown that the force starts to oscillate at high filament 
feeding rates, which may be caused by the fluctuations in the 
length of the melt zone inside the liquefier or periodic 
viscoelastic phenomena of the molten polymer, as we also 
observed fluctuations in the extrudate swelling. These 
fluctuations of the extrudate swelling could negatively influence 
the geometrical quality of the manufactured component. More 
importantly, understanding the dynamics of the polymer flow 
inside the liquefier is essential for the development of reliable 
control methods of material extrusion AM. Therefore, further 
work is required to understand completely the physical 
phenomena behind this process. Additionally, with increasing 
building rates in material extrusion AM, design of new machines 
will need to account for the investigated effects. 
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In material extrusion additive manufacturing (AM), the polymer is fed in a form
of a solid filament into a heated channel (the hot-end), where it is melted, and
extruded. The pressure, which drives the extrusion flow comes from the force that
feeds the filament. In this work, we measured the filament feeding force, which
relates to the pressure inside the hot-end. The measurements give information
about the conditions inside the hot-end, and help to understand the complex
physics of the polymer flow. This knowledge will be used to create mathematical
models, that can enable optimization of the flow channel and more accurate
control of the material extrusion AM.

Introduction

Methodology

In the experimental setup, a load cell was inserted between the hot-end and
the extruder, similarly as in [1,2]. The load cell is allowed to deflect under the
influence of the feeding force, which can be measured and converted to the melt
pressure as

𝑃 =
𝐹

𝐴𝑓

where F is the measured force and Af is the cross-sectional area of the filament at
the inlet. Moreover, the extrudate diameter was measured with a camera to
monitor the outflow conditions.

Left: Hot-end testing setup. (1) BondTech QR extruder; (2) E3D hot-end; (3) RAMPS v1.4 3D printer controller; 
(4) a 20 kg load cell with an interface HX711; (5) Arduino Mega as data acquisition device; (6) 12 V power 
supply; (7) a spool of filament (PLA or ABS) (Df = 1.75 mm).
Right: Example of the measurement of the extrudate diameter with a camera.

Results: Steady state analysis

General characteristics of the
feeding force dependence on the
feeding rate is shown to the right.
First, there is a linear increase in the
force, where the extrusion is stable.
Next, there is a rapid growth of the
filament feeding force, which limits
the working envelope of the hot-end
and leads to failure of the extrusion
process.

Filament feeding force and the working envelope

Influence of the process conditions on the filament feeding force

Working 
envelope

Outside of
the working

envelope

Extrusion temperature Filament material

Hot-end length Nozzle diameter

Oscillations in feeding force and extrudate swell at high feeding rates

Results: Transient analysis Conclusions

• The dependence of the feeding force on the feeding rate has two regimes:
linear (working envelope), and abrupt growth, which limits the performance of
the hot-end.

• The working envelope can be extended by increasing the temperature of the
hot-end or its length. The nozzle diameter (DC) has negligible influence on the
working envelope.

• At high feeding rates, the feeding force oscillates with a roughly constant
period and amplitude.

• The pressure oscillations are correlated to the oscillations of the extrudate
swell.
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Abstract. Advancements in material extrusion additive manufacturing are
driven by the need of fast production of high-quality parts. A key innovation was
the introduction of short fibers into the built filament, which substantially
improve the strength of manufactured components. However, the presence of
fibers also affects the viscosity and thermal conductivity of the filament, which
are important parameters for the extrusion flow and thus the maximum printing
speed. In this paper, we numerically study the effect of fibers on the polymer
flow and pressure drop inside the nozzle, which determines the maximum
extrusion rate. The thermoplastic polymer flow is simulated with a non-
isothermal computational fluid dynamics model and the inclusion of fibers is
treated with a continuum approach. The simulations are performed for ABS
polymer with short carbon fibers, however, other thermoplastic systems with
short fibers (e.g. glass, wood, or nylon) can be integrated into the model. The
model provides a virtual window into the process and illustrates that while fibers
increase the viscosity of the filament and the pressure drop, they also improve
the thermal conductivity and lead to faster melting of the polymer, which has an
opposite effect on the pressure drop. Finally, the model quantifies the relation-
ship between the fiber volume fraction and the maximum extrusion rate.

Keywords: Fused deposition modeling � Fiber reinforcement � Computational
fluid dynamics

1 Introduction

Material extrusion Additive Manufacturing (AM), or Fused Deposition Modeling
(FDM), is currently undergoing a transition from being a prototyping technique to
producing functional parts with industrial-grade mechanical strength. One of the key
drivers behind this progress is the inclusion of fiber reinforcement inside the filament
material, which improves the mechanical performance of the produced components [1].
Short carbon fibers are a popular type of reinforcement used in material extrusion AM
[2, 3]. In addition to increasing the mechanical strength, the carbon fibers also improve
the thermal conductivity and reduce the coefficient of thermal expansion of the com-
pound material, which leads to less thermal warpage and lower residual stresses [4, 5].

© Springer Nature Switzerland AG 2021
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Functional parts made by carbon reinforced material extrusion AM can potentially be
applied in medical equipment [6], aerospace [7–9], automotive [10] and consumer
products [11].

Experimental studies have been conducted to quantify the improvement in tensile
strength and elastic modulus of 3D printed components, due to the presence of short
carbon fibers [1, 3]. Computational Fluid Dynamics (CFD) simulations have been
widely used to model the polymer flow during material extrusion AM [12–18], among
which the works by Heller et al. [19, 20] focused on the prediction of the fiber
orientation in the extrusion and deposition flow. Thermo-mechanical simulations were
conducted to predict the deformations and residual stresses in the finished
carbon/polymer composites [5, 21]. However, there is a limited research on the
influence of fiber reinforcement on the melting and flow of polymer composite inside
the print head. The addition of fibers alters the rheology and the thermal properties of
the fluid, which are both highly important for the flow behavior.

Heat transfer effects and rheology are kesy aspects to increasing the build rates in
material extrusion AM [22]. Mackay et al. [23] determined the failure velocity that was
defined as the filament feeding rate at which the heater was not able to melt efficiently
the polymer to perform successful extrusion. Nienhaus et al. [24] used a load cell to
measure the dependence of the filament feeding force on the feeding rate. They found
that the feeding force becomes unstable before reaching the failure velocity. This
observation was confirmed by Serdeczny et al. [25], where a model to estimate the
maximum feeding rate before the extrusion becomes unstable was presented. It was
hypothesized that the maximum feeding rate is limited by the heat transfer and the
ability to melt the filament completely before it reaches the nozzle contraction. A more
detailed explanation of the extrusion instability was given in a follow-up work [26]
presenting numerical simulations of the flow inside the print head. The feeding force
instability was hypothesized to be due to a fluctuation of the melt zone position inside
the flow channel.

In this work, we modify the CFD model presented in [26] to investigate the
influence of fiber additives on the flow inside the printing head and the melting of
filament. The inclusion of fibers is simulated with a continuum approach by modifying
the viscosity and thermal conductivity of the fluid. A parametric study on the influence
of the fiber content and feeding rate is performed.

2 Methodology

2.1 Physics of the Numerical Model

The numerical model simulates the polymer flow inside the hot-end channel of a 3D
printer. A sketch representing the hot-end is shown in Fig. 1a. The essential elements
of the hot-end are: the nozzle that extrudes the material, the liquefier that melts the
polymer, the heat break that isolates thermally the liquefier from the upper parts of the
print head, and the heat sink, which releases the excess heat to the environment. In the
numerical model, the internal channel of the hot-end was implemented, as shown in
Fig. 1b. The filament entered the channel with a constant velocity V , termed the
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feeding rate and the inlet temperature TIN , equal to the room temperature. The material
remained solid until its temperature reached the glass temperature of the polymer Tg.
The channel was subdivided into five sections with dimensions as indicated in the
Fig. 1b. It is noted that the filament had a slightly smaller diameter DF than the barrel
section DB. It was assumed that the wall of the channel had a steady temperature, which
varies along the channel, as shown in Fig. 1c. The geometry of the channel was based
on the E3D v6 hot-end and its dimensions are given in Appendix A.

The flow and temperature of material is governed by the following equations [27]

r � u ¼ 0 ð1Þ

q
Du
Dt

¼ �rpþr � g/S
� �

þ qga ð2Þ

qCv
DT
Dt

¼ r � k/rT
� � ð3Þ

S ¼ ruþruT ð4Þ

where u is the velocity vector, q is the density, t is the time, p is the pressure, S is the
strain rate tensor, ga is the gravity acceleration vector, Cv is the specific heat capacity,
T is the temperature, k/ is the effective thermal conductivity, and g/ is the apparent
dynamic viscosity. Thus, it was assumed that the flow is incompressible and the fluid
had a constant density. The fiber suspension in the polymer was approximated with a
continuum approach and the flow of only one phase was simulated. However, the free
surface of the fluid was resolved and the remaining part of the domain was filled with
void that had a constant pressure and temperature. The presence of fibers was
accounted in the formula of the apparent fluid viscosity and thermal conductivity,
which are discussed in detail in Sects. 2.3 and 2.4. The influence of fibers on the fluid

Fig. 1. a) Sketch of the hot-end. b) Internal channel of the hot-end. c) Wall temperature of the
channel.
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density and specific heat was assumed negligible for the flow inside the print head, and
their values are given in Table 1 together with the remaining simulation parameters.

2.2 Implementation Details

The numerical simulations were performed using the commercial CFD software Flow-
3D [28]. The implicit coupled pressure-velocity solver was used to solve the governing
equations for the material flow. The energy equation was solved with an implicit time-
discretization scheme that is second order accurate in space. The problem was assumed
to be axisymmetric and a 2D mesh was constructed as represented in Fig. 2. The
average cell size was 20 lm and the mesh was refined near the channel walls. At the
top of the domain, the velocity inlet boundary condition was prescribed. The contin-
uative boundary, which specifies all spatial derivatives of the fluid properties equal to
zero, was used at the outlet located outside of the nozzle orifice. The wall of the
channel had a prescribed temperature, as shown in Fig. 1c. The heat flux between the
channel wall and the fluid was calculated as

_qw ¼ h Tw � Tð Þ ð5Þ

where h is the heat transfer coefficient at the channel wall while Tw is the channel wall
temperature. The value of h is unknown and was found through comparison with
experimental measurements of the filament feeding force during extrusion of neat ABS.
The measurements and their results are discussed in detail in [25]. It was found that the
simulation represents the measurements most closely, when h � 600W

�
m2Kð Þ in the

fully developed flow region, and h � 8000W
�
m2Kð Þ close to the inlet of the channel

where a recirculation of the flow occurs. The simulations were run until a steady state
was reached, or for 60 s, when the flow was inherently unsteady. A more in-depth
discussion about the implementation of the numerical model can be found in [26].

Table 1. Simulation parameters.

Parameter Symbol Unit Value

Fluid density q kg=m3 1060

Specific heat capacity Cv J= kg � Kð Þ 1750
Inlet temperature TIN �C 25
Glass transition temperature Tg �C 105
Liquefier temperature TL �C 200
Feeding rates V mm=min 40, 60, 80, …, 280
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2.3 Rheological Properties of the Polymer with Suspended Fibers

The polymer used in this study is ABS, which is one of the most commonly used
thermoplastics in material extrusion AM. The apparent dynamic viscosity of a neat
ABS can be described with a temperature dependent power law

g _c; Tð Þ ¼ K _cn�1 � T
Tr

anT ð6Þ

where K is the consistency index, n is the power law index, _c is the shear rate
magnitude, T is the polymer temperature, Tr is the reference temperature, and aT is the
time temperature shift factor. The temperature dependency of aT is modeled with the
Williams–Landel–Ferry (WLF) equation

aT Tð Þ ¼ exp
�C1 T � Trð Þ
C2 þ T � Trð Þ
� �

ð7Þ

where C1 and C2 are material constants. The inclusion of fibers changes the apparent
viscosity of the fluid. One of the commonly used simple model to capture this
dependence is the equation by Maron and Pierce [29, 30]

gr ¼ 1� /
A

� ��2

ð8Þ

where gr is the relative viscosity, which is defined as the ratio of filled system viscosity
g/ to the neat polymer viscosity g at the same shear stress (not the same shear rate); /
is the fiber volume fraction; A is the parameter related to the aspect ratio of the fibers

Fig. 2. 2D axisymmetric cylindrical mesh used in the study. Left: outline of the entire mesh.
Right: close-up on the contraction section.
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[29]. Taking into account the definition of gr and combining it with Eq. (6), the
viscosity of the filled system can be written as

g/ ¼ K _cn�1
/

T
Tr

anTg
n
r ð9Þ

The derivation of Eq. (9) is given in Appendix B. The strain rate magnitude relates
to the velocity vector in the numerical model as

_c/ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
S : S

r
ð10Þ

The rheological material parameters used in this study are given in Table 2. The oscil-
latory measurements of neat ABS were done for temperatures ranging from 125 °C to
250 °C and a master curve was created at Tr = 200 °C. The measurement points and the
power law fit are shown in Fig. 3.Moreover, we have estimated the dynamic viscosity for
ABS filled with fibers at different volume fractions (the weight fractions are also shown
for reference). We have assumed that the fibers have an average aspect ratio b ¼ lf =df
equal to 23, where lf is thefiber length and df is the fiber diameter. For this aspect ratio, the
parameterA in Eq. (8) equals 0.25, as given in [29]. It is assumed that thematerial behaves
as a Generalized Newtonian Fluid (GNF), meaning that the Trouton ratio (the ratio of
elongational viscosity to shear viscosity) is equal to 3.A largefiber contentmay invalidate
this assumption, necessitating the use of a viscoelastic constitutive model [30]. In such
case, the complexity and computational cost of the numerical simulations would be
greatly increased.

Table 2. Rheological material parameters.

Parameter Symbol Unit Value Source

Reference temperature Tr �C 200 –

Consistency index K Pa�sn 30104 Measured
Power law index n – 0.24 Measured
WLF constant 1 C1 – 8.97 Measured
WLF constant 2 C2

�C 155.2 Measured
Average fiber aspect ratio b – 23 [29, 31]
Parameter in Eq. (8) A – 0.25 [29]
Fiber density qf kg/m3 1800 [32]
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2.4 Thermal Conductivity of the Reinforced Filaments

The reinforced filaments used in material extrusion AM are themselves produced by
screw extrusion of a matrix (thermoplastic) and fibers compound mixed together. Due
to the nature of extrusion compounding, most of the fibers align with the axis of the
filament [33–35]. However, there will always exist some deviation of the fiber orien-
tations from the extrusion direction, which can be quantified by a Fiber Orientation
Distribution (FOD). Many models to predict the thermal conductivity of fiber rein-
forced composites were developed, among which we chose to use the approach by Fu
and Mai [36], which accounts for the influence of FOD on the thermal conductivity.

A sketch representing the method is shown in Fig. 4. The effective thermal con-
ductivity of a composite consisting of misaligned fibers with known FOD can be
calculated as [36]

k/ ¼
Z 180�

0�
k hð Þ g hð Þdh ð11Þ

where k hð Þ is the thermal conductivity of a unidirectional fiber composite with its
principle axis (‘1’ longitudinal and ‘2’ transverse, cf. Fig. 4b) oriented at an angle h to
the heat transfer direction x, and g hð Þ is the FOD function, that is approximated with a
normal probability density function, as suggested by experimental observations [34]

g hð Þ ¼ 1

rh
ffiffiffiffiffiffi
2p

p exp
� h� hmeanð Þ2

2r2h

 !
ð12Þ

where hmean is the mean fiber orientation angle (that is aligned with the filament axis,
i.e. extrusion direction), and rh is the standard deviation of the orientation distribution.

Fig. 3. The master curve for neat ABS polymer at Tr = 200 °C and estimated dynamic apparent
viscosity for fiber suspension with varying fiber volume fraction.
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The thermal conductivity of a unidirectional fiber composite at an angle h can be
calculated as a superposition of its longitudinal thermal conductivity k1 (parallel to the
fibers) and transverse thermal conductivity k2 (perpendicular to the fibers) (cf. Fig. 4b)

k hð Þ ¼ k1 cos2 hþ k2 sin2 h ð13Þ

where the longitudinal and transverse thermal conductivities are calculated using
Halpin-Tsai [36] equation, respectively

k1 ¼ 1þ 2bl1/
1� l1/

km ð14Þ

k2 ¼ 1þ 2l2/
1� l2/

km ð15Þ

l1 ¼
kf 1=km � 1
kf 1=km þ 2b

ð16Þ

l2 ¼
kf 2=km � 1
kf 2=km þ 2

ð17Þ

where km is the thermal conductivity of the polymer matrix, kf 1 and kf 2 are thermal
conductivities of a single fiber in parallel and perpendicular direction to the fiber axis.

During the flow through the hot-end, the polymer is heated due to radial conduction
from the channel walls while the heat flux due to the axial conduction is usually
negligible, as compared to the axial convection. Moreover, as the problem is
axisymmetric, k/ can be assumed to represent the thermal conductivity of the filament
in all directions. The parameters used in the estimation of the effective thermal con-
ductivity are given in Table 3. The calculated dependence of the effective thermal

Fig. 4. Sketch representing the thermal conductivity model. a) Filament with misaligned fibers
with predominant direction z. b) Decomposition into unidirectional fiber composites with fibers
aligned at different directions. c) Definition of fiber angle h.
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conductivity on the fiber volume fraction is shown in Fig. 5. For reference, the thermal
conductivity of the filament with perfectly aligned fibers (rh ¼ 0�Þ is also shown. It is
observed that the FOD increases the thermal conductivity and its influence becomes
larger with higher volume fractions. In the end, we note that compared to the approach
of Fu and Mai [36], we have not accounted for the fiber length distribution, however its
influence on the thermal conductivity was found to be negligible for the present case.

3 Results

3.1 Comparison with Experimental Results

First, the numerical simulation is validated with experimental measurements of the
filament feeding force when a neat ABS filament (/ ¼ 0Þ is extruded. The filament
feeding force is the force required to push the filament through the hot-end system and
it was measured in [25, 39] using a load cell, where a detailed description can be found.
The comparison of the simulated and measured feeding force as a function of the
feeding rate can be seen in Fig. 6. The error bars show the standard deviation of the
feeding force oscillations during the measurement/simulation of individual data points.

Table 3. Parameters used in the estimation of the effective thermal conductivity of the fiber
reinforced filament.

Parameter Symbol Unit Value Source

ABS thermal conductivity km W= m � Kð Þ 0.33 [37]
Fiber thermal conductivity (parallel) kf 1 W= m � Kð Þ 10 [38]
Fiber thermal conductivity (transverse) kf 2 W= m � Kð Þ 10 [38]
Mean fiber orientation angle hmean

� 90 Based on [34]
Standard deviation of FOD (Eq. (12)) rh � 15 Based on [34]

Fig. 5. Influence of the fiber volume fraction and the standard deviation of the fiber orientation
on the thermal conductivity in the radial direction of the filament.
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It can be seen that for low feeding rates, no oscillations in the feeding force are
observed and the extrusion is in the stable regime. The temperature profile within the
hot-end for the stable regime can be seen in Fig. 7. At some critical feeding rate, called
the maximum feeding rate, the force curve changes slope and oscillations appear,
which indicates unstable extrusion. It is noted that these instabilities are distinct from
the shark skin and melt fracture extrusion instability, as they occur at a lower frequency
and are not related to change in the appearance of the extrudate surface [25]. A similar
behavior of the feeding force was measured in [24]. It can be seen that the numerical
results are in a good agreement with the measurements and the maximum feeding rate
threshold between the stable and unstable regime is captured by the simulations. The
unstable regime is related to the insufficient heat transfer rate at large feeding rates.
Looking at the evolution of the temperature profile for the unstable regime (cf. Fig. 7),
it can be seen that as the heat transfer rate is too small, the solid filament penetrates the
channel causing fluctuations in the position of the melt line. The magnitude of the
feeding force fluctuations are larger in the simulations than in the experiments. Note
that in the simulations, the solid filament below the glass temperature is modelled as a
rigid solid, neglecting viscoelastic effects that may damp the pressure variations.
Finally, we note that our definition of the maximum feeding rate is based on the
extrusion instability coming from the insufficient heat transfer. There are other factors
limiting the maximum feeding rate in material extrusion AM, such as the buckling of
the filament and the maximum feeding force that can be applied on the filament by the
extruder; however their analysis was outside of the scope of this work.

Fig. 6. Comparison of the measured and simulated filament feeding force for the extrusion of
neat ABS filament at TL = 200 °C.
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3.2 Influence of the Carbon Fibers on the Flow Through the Hot-End

Figure 8 compares the simulated feeding force as a function of the filament feeding rate
for different carbon fiber volume fractions. It can be seen that the increase in the fiber
content leads to a higher feeding force, which was expected as the fibers increase the
material viscosity. However, at large feeding rates, the feeding force for / ¼ 5% and
/ ¼ 10% is slightly lower than for a neat polymer / ¼ 0%ð Þ. This is explained by the
improved thermal conductivity of the filament, which enhances melting of the polymer.
The trend is better visible in Fig. 9, where the simulated feeding force was plotted as a
function of the fiber volume fraction at different feeding rates. For low and moderate
feeding rates, the force increases monotonically with the fiber volume fraction. How-
ever, at higher feeding rate, a minimum in the feeding force is observed for / from
around 5% to 10%, which indicates that the increased thermal conductivity of the
filament can be beneficial for reducing the pressure inside the hot-end.

V 40 mm/min 280 mm/min
t 15 s 3 s 5 s 6 s 8 s 24 s

Comment Stable Unstable

Fig. 7. Evolution of the temperature profiles within the hot-end in stable and unstable extrusion
regimes.
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Except the change in the magnitude of the feeding force, we observe that for high
fiber volume fractions, the extrusion remains stable at higher feeding rates. This can be
seen in Fig. 8 and 9 by the error bars that indicate the force fluctuations, and in
Fig. 10a, where the simulated feeding force is shown as a function of time for different
fiber volume fractions. The oscillations of the feeding force and the melt zone position
determine the maximum feeding rate before the extrusion becomes unstable, as dis-
cussed in Sect. 3.1. The dependence of the maximum feeding rate on the fiber volume
fraction, as suggested by the simulations, is shown in Fig. 10b. It is observed that the
maximum feeding rate increases linearly as a function of the carbon fiber volume
fraction, due to improved effective thermal conductivity of the filament.

Fig. 8. Feeding force as a function of the filament feeding rate for varying fiber volume fraction.
Simulated for DC = 0.4 mm and TL = 200 °C. The error bars indicate the force oscillations in
time.

Fig. 9. Feeding force as a function of the fiber volume fraction for varying feeding rates.
Simulated for DC = 0.4 mm and TL = 200 °C. The error bars indicate the force oscillations in
time.
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4 Conclusions

This work is one of the first attempts to model the influence of fiber reinforcement on
the flow inside the hot-end during material extrusion AM. A CFD model was used to
simulate the non-isothermal flow of a power law fluid. The presence of fibers was
accounted for by modifying the apparent dynamic viscosity and effective thermal
conductivity of the filament. In this work, one of the most commonly used systems was
investigated, that is ABS matrix with carbon fibers. However, the model is suitable to
simulate fibers made of different materials such as glass, carbon, wood, or nylon. The
presented method can be used for short fibers where the aspect ratio (fiber length/fiber
diameter) is moderately low (below 25). For long fibers, the elongational viscosity may
become more important than shear viscosity. Hence, the Generalized Newtonian Fluid
approach may no longer be valid, and more accurate representation of the fluid rhe-
ology is required. The results show that the presence of carbon fibers leads to a higher
apparent viscosity of the fluid, which, in general, requires a larger feeding force.
However, at higher feeding rates, the presence of carbon fibers can be beneficial and
decrease the feeding force, because of the increased thermal conductivity that promotes
melting of the filament–which ultimately decreases the apparent viscosity. The pre-
sented approach could be used to optimize the design of filaments for high printing
speed by utilizing fiber reinforcements or particle fillers with high thermal conductivity.
The future work shall include experimental measurements in order to confirm the
numerical findings. Specifically, the feeding force could be measured for filaments
containing varying fiber fractions.

Acknowledgements. The authors would like to acknowledge the support of the Danish Council
for Independent Research (DFF) | Technology and Production Sciences (FTP) (Contract
No. 7017-00128).

Fig. 10. a) Feeding force as a function of time for different fiber volume fractions, at a feeding
rate V ¼ 200mm=min; b) Simulated maximum feeding force (as defined in Sect. 3.1) as a
function of fiber volume fraction.
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Appendix A

See Table 4.

Appendix B

The relative viscosity gr is the ratio of g/ and g, defined at the same shear stress

gr ¼
gU sð Þ
g sð Þ ¼ s= _c/

s=_c
¼ _c

_c/

The dynamic viscosity of the filled system can be written as

g/ ¼ ggr ¼ K _cn�1 T
Tr

anTgr

where _c ¼ gr _c/. Thus, the composite dynamic viscosity is

g/ ¼ K gr _c/
� �n�1 T

Tr
anTgr ¼ K _cn�1

/
T
Tr

anTg
n
r
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C | Supplementary information

C.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed to identify the glass transition
and melting temperatures of ABS and PLA, as well as their specific heat capacities. Two
heating runs were performed from -80 ◦C to 250 ◦C and with an average heating rate
equal 3 ◦C/min using an aluminum pan and a nitrogen as an inert gas.

The heat flow as a function of temperature for both materials is plotted in Figure C.1.
For ABS (left), only the glass transition temperature could be identified (approximately
105 ◦C) and no crystallization or melting peaks were present, as the material was amor-
phous. For PLA (right), both the glass transition temperature (approximately 55 ◦C) and
the melting temperature (approximately 155 ◦C) could be identified and were marked in
the figure.
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Figure C.1: Differential scanning calorimetry of ABS (left) and PLA (right).

The heat flow measured by the instrument dq/dt can be related to the specific heat ca-
pacity Cp of the material as

dq
dt

= M CP
dT
dt

(C.1)

where M is the mass of the sample (9.0 mg for ABS and 9.5 mg for PLA), and dT/dt is an
average heating rate. The specific heat was calculated by rearranging Equation (C.1), and
it is shown in Figure C.2 for the range of temperatures occuring in FFF process. It can be
seen that the approximate values assumed in computational models were of appropriate
magnitude. Finally, the heat of fusion (latent heat) was calculated for PLA by integrating
the area under the melting peak (TM) with respect to the base line, as shown in the figure.
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Figure C.2: Specific heat capacity of ABS and PLA. The average values of CP used in the
numerical and analytical models are marked with the dashed lines.

Table C.1: The results of DSC measurement for ABS and PLA.

Property Symbol Unit Value

ABS PLA

Glass transition temperature Tg
◦C 105 55

Melting temperature TM
◦C n.a. 160

Average specifice heat capacity CP J/(kgK) 1500 1470

Heat of fusion (latent heat) QL kJ/kg 0 66



DTU Mechanical Engineering
Section of Manufacturing Engineering
Technical University of Denmark

Produktionstorvet, Bld. 425
DK-2800 Kgs. Lyngby 
Denmark
Tlf.: +45 4525 4763
Fax: +45 4525 1961

www.mek.dtu.dk

September 2020

ISBN: 978-87-7475-618-7


	Preface
	Abstract
	Publications
	List of Symbols
	I Introduction
	Introduction
	Motivation
	Material Extrusion Additive Manufacturing
	Fused Filament Fabrication

	Literature review
	Flow through the hot-end
	Deposition flow and strand morphology
	Summary of the literature review

	Objectives and scope of this work
	Structure of this thesis
	References


	II Materials and Methods
	Theory
	Conservation laws
	Constitutive equations for the polymeric fluids
	Generalized Newtonian Fluid
	Viscoelastic Fluid

	References

	Modeling
	Deposition flow of strands and mesostructure formation
	Geometry and physics of the numerical model
	Numerical details
	Multiple strands simulation

	Polymer flow through the hot-end
	Summary of the numerical models
	Geometry, mesh and boundary conditions
	Implementation details of Flow 3D models
	Implementation details of OpenFOAM model
	Post-processing of the numerical results
	Analytical model for the maximum filament feeding rate

	References

	Experimental methods
	Strand cross-sectional shapes and mesostructures
	Adjustments of the 3D printer prior to experiments
	Measurement procedure

	Polymer flow through the hot-end
	Overview of the experimental setup
	Filament feeding force measurements

	Rheological characterization of filament materials
	Viscosity master curve
	Viscoelastic data

	References


	III Results
	Deposition flow
	Single strand cross-sectional shape
	Mesostructure formation
	Experimental validation
	Influence of the deposition conditions on the mesostructures


	Flow through the hot-end
	Simulations of the start-up flow
	Inverse analysis of the heat transfer coefficient
	Influence of the process conditions on the flow
	Filament feeding rate
	Liquefier temperature
	Capillary diameter
	Liquefier length

	Maximum filament feeding rate of stable extrusion
	References

	Summary of appended papers

	IV Conclusions
	Conclusions and future work
	Deposition flow and strand morphology
	Flow through the hot-end


	V Appendix
	Journal Publications
	Paper-I
	Paper-II
	Paper-III
	Paper-IV
	Paper-V

	Conference Publications
	Paper-VI
	Paper-VII
	Paper-VIII

	Supplementary information
	Differential Scanning Calorimetry



