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1 Preface

My first contact with 3D printing was during my BSc thesis, where I used 3D printed parts as
an aid to build a model rowboat. I did not know much about the technology, other than that
it was relatively new and that I was immediately intrigued by it. During the first lockdown of
the Covid pandemic, I bought a cheap 3D printer to explore a creative indoor hobby. It was a
success, I loved it. To be able to create any shape you can imagine, right in your own house,
within a few hours is absolutely astonishing. My interest grew and at some point I asked myself:
‘You study High-Tech Engineering, why not combine your education with your hobby and find
a graduation project in the field of 3D printing?’ I did some research to find interesting 3D
printer companies in the Netherlands and I quickly landed at Ultimaker, which I knew for their
slicing software Cura. I phoned them and asked if they had a research project. This graduation
thesis is the result.

I am really happy to be able to contribute to such a fascinating technology, which is still
relatively unexplored. The potential of the technology is huge and I am very curious what the
future holds. I would like to thank Janine van der Hilst, Louise Plas and Paola Fanzio for their
quick collaboration to set-up this graduation project on a short notice. Secondly, I would like
to thank Paola Fanzio and Sam Kent for supervising me through the entire project and always
being on standby to advice or help me. Thirdly, many thanks to the employees of Ultimaker who
showed a lot of interest, offered their help and wanted to contribute to the project such as Koos
Welling, Maqsood Alam, Ron van Dorssen, Siert Wijnia, Marc Joosen and Johan Versteegh. I
am also grateful for the interesting and motivating conversations with Francisco Galindo-Rosales
and Tomás Schuller Almeida Graça Barbosa from University of Porto. Last but not least, I
would like to thank Can Ayas for supervising me on behalf of Delft University of Technology
and together with Angelo Accardo and Paola Fanzio forming the graduation committee.
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2 Introduction

At the brink of the fourth industrial revolution, additive manufacturing (AM), commonly re-
ferred to as 3D printing, is a vital and uprising technology [1]. In contrast to conventional
manufacturing methods, AM techniques add material layer-by-layer to form three-dimensional
objects. This opens up the possibility to construct complex geometries because it is not limited
by the accessibility of removal tools [2–4]. This design freedom can be beneficial in a wide range
of applications. The aerospace and automotive industries use AM because it enables them to
manufacture strong and lightweight components [5]. Architects, designers and engineers use
AM to be able to quickly visualise complex physical models [6, 7]. Pharmacists, doctors and
dentists use AM to produce custom-tailored drugs and implants [8–11].

2.1 Fused Filament Fabrication

Additive manufacturing is the overarching term for various different layer-by-layer manufactur-
ing techniques. Fused filament fabrication (FFF) is the most used AM technique [2] that uses
extrusion of molten polymers.

2.1.1 Working principle

With the help of computer-aided design (CAD) software, any 3D object can be virtually mod-
elled and transferred into stereolitography (STL) files [5]. Slicing software is used to decompose
STL files into a multitude of stacked 2-dimensional layers; slices. Slicing of a 3D object is shown
in Figure 1.

Figure 1: Slicing of a 3D object by Ultimaker Cura (slicing software). In red: (A) shows the first layer of the
object and the lines that make up the layer, (B) shows the object after 80 layers will have been deposited and
(C) shows the completed object.

The slicing software translates a single layer into a set of lines (Figure 1A) which is saved as a
g-code file that the FFF based 3D printer can read.

The printer uses an extruder motor with a feeder gear to push solid polymer filament into a
heated liquefier to melt the material. The solid filament, which is not heated yet, enters the
liquefier and serves as a piston to push the molten material through a nozzle [12]. A schematic
of this process is shown in Figure 2.
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Figure 2: Schematic of the printing process in an FFF based 3D printer. Image from Kuznetsov et al [13].

The 3D printer has a moveable printhead which moves in the desired pattern in the horizontal
plane while extruding to lay down a single layer of molten polymer on top of a platform called
printbed. The deposited material cools down and solidifies. After the first layer has been
deposited, the nozzle moves up with respect to the printed object. The printer then moves its
printhead while extruding to deposit a second layer on top of the previous one. This process is
repeated until all the layers are deposited and the final 3D object is created. An illustration of
the working principle is shown in Figure 3.

Figure 3: The working principle of an FFF based 3D printer. Image from https://pick3dprinter.com/

fff-3d-printer/.

2.1.2 Application

Currently, FFF is used mainly for rapid prototyping [14]. Due to its low investment cost, engi-
neers and designers are enabled to quickly produce and improve iterations of prototypes. With
the help of FFF they can cheaply speed up the design process. Researchers and students can
rapidly reproduce models for analyses, comprehension and other educational purposes [5],[15].

Due to the advancements of printers and materials on the market, FFF is increasingly used to
manufacture end-of-use parts as well. However, there is much to be improved before FFF can be
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considered a revolutionary manufacturing technique. It has yet to become a reliable technique
to repeatedly create end-of-use, custom-made parts that are not only visually acceptable, but
also mechanically strong. To achieve this, a deeper understanding of the extrusion process is
required.

2.2 Extrusion process

The extrusion process is the part of the printing process where the filament is melted in the
liquefier and pushed out through an outlet onto the printbed. The liquefier consists of a cold-end
and a nozzle. A simple illustration is shown in Figure 4.

Figure 4: Illustration of the liquefier consisting of a cold-end and a nozzle. Image from Filmer et al. [16].

Filament enters the liquefier from the top and is pushed down the cold-end into the nozzle.
The nozzle is a heated chamber that melts the polymer so that it can flow through an outlet
called ’nozzle die’. That way the molten polymer is extruded onto the printbed. The still solid
filament acts as a plunger to push the molten filament out. The cold-end is an actively cooled
chamber to make sure that the incoming filament remains solid. The cold-end and nozzle are
separated by a heat break; a thin-walled cylinder that prevents heat exchange.

2.2.1 Print quality

The effect of the extrusion process on the print quality can be categorised into three aspects;
visual quality, mechanical quality and print productivity. The visual quality of a print is purely
based on aesthetics. The 3D printing community often uses a benchmark print in the shape
of a small steamboat to assess the visual properties of a print, shown in Figure 5. There are
numerous phenomena happening during the printing process that negatively influence the visual
quality, a lot of which is due to uncontrolled extrusion.
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Figure 5: Two benchmark boats. The one on the left shows clearly visible defects and inconsistencies, whereas the
boat on the right already shows more improvements. Image from https://www.youmagine.com/contributions/

591.

Examples are under-extrusion, over-extrusion and stringing. Under-extrusion happens when
too little molten material is pushed out of the nozzle die and causes voids in the print. Over-
extrusion happens when too much molten material is pushed out of the nozzle which results in
excess material on the outside of the print. Stringing happens when molten polymer oozes out
of the nozzle die when the printhead moves over an open area; an area in which no filament
should be extruded. Figure 6 shows these errors.

(a) Under-extrusion causes voids in
the print.

(b) Over-extrusion causes excess ma-
terial in the print.

(c) Stringing is caused by unwanted
oozing of the melt.

Figure 6: Images from https://all3dp.com/1/common-3d-printing-problems-troubleshooting-3d-printer-issues/

Two visually identical parts can differ in properties such as brittleness, stiffness and yield
strength [17]. Moreover, chemical properties, wear resistance and dimensional accuracy can be
included in print quality evaluation. Mechanical quality depends on the type of filament and
the extrusion process. For example, under-extrusion weakens the printed part.

Print productivity has to do with the time it takes to produce a printed object. It is a combina-
tion of print speed and reliability. Faster prints increase production saving time and reducing
production costs. However, printing fast is not productive if it takes twice to get the print right.
Usually, a trade-off is chosen between visual or mechanical properties and print productivity. At
higher printing speeds, more material must be deposited in the same time window. This means
a faster melt flow and a larger heat flux. Therefore, the extrusion process greatly influences the
print productivity.
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Slice settings (such as layer height) and printer hardware influence print quality. Companies are
continually competing to put the best slicing software and 3D printers on the market. However,
extrusion is relatively hard to control and causes a major roadblock in the development of 3D
printers [18]. Unreliable extrusion causes unpredictable deficiencies such as nozzle clogging and
inconsistent extrusion. Unpredictable, inconsistent extrusion is unacceptable when pursuing
high quality prints.

Figure 7: Original image from http://bootsindustries.com/the-importance-of-high-quality-3d-printer-filament/.

Extrusion is a complex process. The non-linear behaviour of the polymer and the dependencies
of temperature, shear-rate, viscosity and pressure contribute to the complexity of the process
that is hard to simulate and predict [3, 16, 19, 20]. A simplified schematic of the dynamics in
the liquefier is shown in Figure 8.

Figure 8: Simplified schematic overview of the dynamics within the liquefier. The various phenomena are
explained in the text.

Filament is pushed down and melted by the nozzle. The still solid filament acts as a plunger to
push the melt down, creating a pressure difference and a flow of molten polymer. The molten
polymer is pushed out through the nozzle die. There is a clearance between the solid filament
and the liquefier wall, which means that the molten polymer also flows upwards in the opposite
direction of the solid filament. The upward movement of the melt is called backflow. The
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highest point of the backflow is called the meniscus. Due to the viscosity of the polymer, the
melt sticks to the wall of the liquefier and to the solid filament. This creates a velocity profile of
the backflow as shown in Figure 9. The velocity profile creates vortices in the melt, disturbing
the flow and adding complexity. The vortex behaviour is influenced by pressure, viscosity and
temperature [12]. Additionally, there are vortices in the melt due to the viscoelasticity of the
polymers [21].

Figure 9: Velocity profile of the molten filament inside the liquefier. Image taken from Gilmer et al. [16].

The polymer is shear thinning which means that the viscosity not only depends on the tem-
perature, but also on the shear rate of the polymer [19]. The shear rate is a measure of the
velocity gradient between layers within the melt. The temperature depends on the amount of
heat added, the amount of material in the nozzle, the speed at which cold filament is added and
the heat transfer rates of the nozzle and of the melt. Moreover, the temperature is not uniform
throughout the liquefier. The heat transfer rate of the non-Newtonian polymer is a function of
shear rate and can change when the flow behaviour changes [12]. The geometry of the nozzle
influences the vortices and the pressure drop [22, 23]. The melt shows elastic behaviour [12], is
compressible and expands due to temperature [22]. The filament enters the liquefier at an angle
and is not straight causing the filament to hit the liquefier wall and melt quicker on one side.
This influences the heat flux, the velocity profile of the backflow and the pressure gradient. The
filament has a small variable diameter which affects the amount of material in the liquefier,
the temperature and the pressure. Another layer of complexity is added because the filament
does not instantly change from a solid to a liquid state. The state-change is gradual which can
cause buckling [16, 18]. Additionally, this means that there is a large gradient of temperature,
shear rate and viscosity in the region between solid and molten polymer. In other words, the
complex dynamics and the many dependencies of the variables create an extrusion process that
is challenging to calculate and predict.

However, pressure links all of the phenomena [24]. The melt flow, temperature, viscoelasticity,
compressibility and vortices all have an effect on the pressure inside the nozzle. Therefore, it
is crucial to know the pressure in the extrusion process to understand its complex dynamics.
Existing numerical models try to predict the pressure, but they make assumptions and simplify
the actual process to get an estimate. Therefore, it is necessary to experimentally measure the
pressure inside the nozzle of an FFF 3D printer.

2.2.2 Pressure monitoring

Measuring and controlling pressure is challenging. The extrusion process of an FFF based 3D
printer poses an extreme environment for sensors to measure pressure. For example, the sensor
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has to be miniature, because the diameter of standard nozzles is around 3 mm, with an outlet
die of 0.4 mm. Additionally, FFF based 3D printers operate at temperatures of at least 200 °C,
so the sensor has to be heat resistant. Pressure is expected to be as high as 10 MPa. In the
nozzle, the temperatures will drop and the polymer changes state. A sensor placed directly in
the flow must therefore be able to withstand solidification on its measuring membrane, multiple
times. The sensor must influence the flow of the molten material as little as possible to minimise
the observer effect. Measuring the absolute pressure by means of piezoelectric sensors is not a
viable option because they dissipate charge over time and need to be constantly re-calibrated
for longer measurements [25]. Nevertheless, a few attempts at pressure monitoring have been
made and compared to numerical models, which is explained below.

2.3 State of the art

In 2004, Bellini et al. [19] created a relatively simple mathematical model of the dynamics
within the liquefier and a transfer function approach to predict flow rates and compared them
to the flow rates of a 3D printer. Their measured flow rates were not the same as their pre-
dictions, however their data was in the same order of magnitude, paving the way for further
research.

In 2019, Anderegg et al. [22] published an article in which they used the research of Bellini
et al. to calculate the pressure drop and compared the results with experimental data using
a piezoresistive pressure transducer. Because of the small dimensions of standard nozzles and
the relatively large dimensions of micro piezoresistive pressure transducers, they created their
own larger version of a nozzle to experiment with. Their test set-up can be seen in Figure
10. Because of their large set-up, they used a larger heating block and suffered some problems
controlling a stable nozzle temperature. However, for small flow rates and a revised PID control
loop they eliminated the problem and found that their pressure predictions were approximately
73% of the experimental values.

Figure 10: Experimental set-up of Anderegg et al. [22] using a piezoresistive pressure transducer and a custom-
built large nozzle and heater block.

In the same year, T. J. Coogan and D. O. Kazmer [20, 26] published two articles in which they
used a custom-made in-line rheometer to calculate the viscosity of materials using experimental
pressure data. Their design consisted of a custom-made nozzle, a load-transfer column, a
thermocouple, clamps and a load cell. A schematic is shown in Figure 11.
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Figure 11: Schematic of the custom-made in-line rheometer by Coogan and Kazmer [20].

Their experiments “found to provide very accurate viscosity measurements” [20]. However,
there were some issues with their design. It is not robust; it occupies space around the nozzle,
conducts heat away from the nozzle and is prone to damage if it hits anything or if too large
pressures are applied. They recorded filament leakage which meant that they had to clean the
nozzle and reinstall the set-up after long prints. For future research they suggest to further
minimize leakage through higher precision machining and by using the same materials in differ-
ent components for better thermal expansion matching.

In 2021, Moretti et al. [27] published an article in which they compared theoretical forces on
the filament with experimental data using two load cells to measure the compressive force of
the filament right before it enters the liquefier as shown in Figure 12.

Figure 12: Schematic of the setup to measure pressure using load cells as done by Moretti et al. [27].

The theoretical compressive force was calculated by multiplying the theoretical pressure drop
by the area of the filament. This way of testing is relatively easy to build and has close to no
influences on the printing process. Consequently, some entrance effects are neglected and the
”simulation model appears incapable of capturing the trends generally visible in the experimen-
tal data and the simulation consistently results in underestimation” [27]. Similarly, Serdeczny
et al. [18] used a load cell to measure the force of the filament acting on the liquefier. However,
they related it directly to the flow rather than the pressure.

In 2018, Tlegenov et al. [28] did research into nozzle clogging detection. They simulated the
clogging of the nozzle by decreasing the temperature of the melt while keeping the feed-rate
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constant. This was done to increase the viscosity decreasing the flow rate or even fully stop the
melt from flowing. Consequently the force acting on the liquefier increases which causes different
vibrations with different frequencies which they captured using a beam and an accelerometer
as can be seen in Figure 13.

Figure 13: Schematic of the setup to measure the critical nozzle clogging force as done by Tlegenov et al.[28].

Tlegenov et al. [28] concluded that nozzle conditions can be monitored this way. Relating
different eigenfrequencies to pressure values inside the nozzle has not been done. Moving the
printhead induces more unwanted vibrations, so this method can only work in printers with
moving printbeds and stationary nozzles.

To the author’s knowledge, no other research has been conducted on monitoring the pressure
drop of an FFF based 3D printer.

2.4 Research gap and conclusion

Currently, the extrusion is controlled by changing the temperature, the filament feed-rate and
the printing speed. The printing speed is the speed at which the print head moves. As explained
above, the complexities and dependencies of the variables and phenomena that happen inside
the liquefier make the extrusion control unreliable. Improved extrusion control is key for the
future development of fused filament fabrication. A better understanding of the dynamics of the
extrusion process is needed to improve extrusion control. A reliable way of monitoring pressure
is the next step in a better understanding of the dynamics of the extrusion process. However,
previous research shows that it is not clear whether pressure can be monitored in the nozzle of
an FFF 3D printer.

The scope of this thesis is to provide experimental pressure data for a better understanding
of the complex flow of melt during extrusion. A novel way of monitoring the pressure inside
the nozzle of fused filament fabrication 3D printers will be presented. The results from this
study are repeatable and give insights on the key aspects that influence the dynamics within
the nozzle of an FFF 3D printer. This project enables new possibilities in terms of extrusion
process monitoring and the development of new extrusion control strategies.
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Paper

Abstract

Fused filament fabrication (FFF) is the most used additive manufacturing tech-
nique that uses a heated nozzle to melt a polymer and a feeder to extrude it on
a buildplate. The dependencies of temperature, shear-rate, viscosity and pressure
of the melt create complex dynamics within the nozzle, which causes inconsistent
extrusion. To improve extrusion control, a better understanding of the dynamics
within the nozzle is required. The greatest knowledge gap comes from a lack of
experimental data on the pressure inside the nozzle, due to the challenging envi-
ronment for sensors. This study presents a novel way of monitoring the pressure
inside the nozzle of an FFF 3D printer. A pin that is in direct contact with the melt
transfers the force applied by the melt through a hole in the nozzle to an externally
mounted load cell. The set-up has proven to provide reliable, repeatable pressure
data in steady-state, static extrusion. The experimental data on different nozzle
geometries and materials, with different flows and temperatures, has been com-
pared to theoretical pressure calculations to identify non-linearities that influence
the pressure such as entrance effects, temperature non-uniformity and viscoelastic
behaviour of the melt. The proposed design can be used to gain more knowledge
on the extrusion process to further develop extrusion control.

Introduction

Additive manufacturing (AM), commonly re-
ferred to as 3D printing, is becoming an in-
creasingly popular technology [1]. AM tech-
niques add material layer-by-layer to form
three dimensional objects. This opens up the
possibility to construct complex geometries be-
cause it is not limited by the accessibility of
subtractive tools [2]. Fused filament fabrica-
tion (FFF) is the most used AM technique [2].
It uses a feeder and a heated nozzle to melt a
polymer and extrude it on a build plate. The
still solid polymer, called filament, acts as a
plunger to push the melt through the outlet of
the nozzle. The outlet is referred to as nozzle
die. The nozzle is mounted to a printing head
which can be moved in a horizontal plane. The
melt solidifies and forms a single layer of solid
plastic. The build plate is lowered and a second
layer is extruded on top of the first layer. Fig-
ure 14 illustrates the working principle. Devel-
opment of printers and materials over the past
decades has increased print quality. However,
nowadays FFF is mainly used for rapid pro-
totyping [14]. The technology is not reliable
enough to repeatedly create end-of-use parts.
The dependencies of temperature, shear-rate,
viscosity and pressure of the melt create com-
plex dynamics within the nozzle.

Figure 14: Image from [29].

This causes inconsistent extrusion. A better
understanding of the extrusion process is re-
quired to improve extrusion and increase the
print quality of FFF. The two most impor-
tant parameters that influence the extrusion
process are melt temperature and melt pres-
sure [24]. They are the key variables that
determine how well the polymer is extruded.
Temperature is relatively easy to measure and
control. Monitoring and controlling pressure
is challenging. The small dimensions of the
nozzle and the high temperatures of the melt
pose a challenging environment and it rules
out the use of readily available pressure sen-
sors. Currently, there is no reliable method to
measure the pressure inside the nozzle of an
FFF based 3D printer. Consequently, there
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is a lack of experimental pressure data that
can verify nozzle pressure simulations. This
study presents a novel way of measuring the
pressure inside the nozzle of an FFF based 3D
printer. The set-up designed in this study is
compared to existing pressure monitoring tech-
niques and related to theoretically calculated
pressure values to assess the flaws of the ex-
periment and theory. This study will provide
repeatable pressure measurements at multiple
flows and temperatures, with a range of nozzles
and materials, that unprecedentedly capture
non-linearities in the extrusion process. This
knowledge will help indicate important aspects
during the extrusion process, such as entrance
effects, temperature non-uniformity and elastic
effects and poses a basis for the improvement
of extrusion control in FFF based 3D printers.

Experiment design

In order to monitor the pressure inside the noz-
zle of an FFF based 3D printer, an experimen-
tal set-up has been developed. It was designed
to work on an Ultimaker nozzle, which are typ-
ically made of brass. Their dimensions are in
the range of a few millimeters, see Figure 15.

Figure 15: A typical nozzle used in an Ultimaker 3D
printer.

Therefore, a pressure sensor that would di-
rectly measure the pressure in the flow has to
be small. It has to be temperature resistant be-
cause nozzle temperatures range from 200 °C
to 280 °C during printing, depending on the
material used. The sensor must be able to
withstand the pressures in the nozzle, which
are estimated to reach up to 94 bar, see Ap-

pendix A.1 for an explanation of the estima-
tion. In between extrusion, the polymer cools
down and transitions to solid state. The mea-
suring membrane of the sensor must be able
to withstand this state-change without suffer-
ing damage. Additionally, the sensor must be
able to measure absolute pressure for long pe-
riods of time, eliminating piezoelectric sensors
[25]. The absence of readily available pressure
transducers that meet all of the requirements
has led to a new pressure monitoring design.

Pressure monitoring concept

The chosen concept makes use of a pin that
is in direct contact with the melt. Through
a hole in the nozzle, the pin transfers the ap-
plied force of the melt to an external sensor,
see Figure 16.

Figure 16: Pressure monitoring concept. A pin (gray)
transfers the melt pressure to an external sensor (blue).

By placing the sensor outside the liquefier,
the sensor is not directly in contact with the
melt. Therefore, the sensor is not suscepti-
ble to high temperatures and to the polymer
changing state. Moreover, the dimensions of
the sensor can be higher. This simplifies the
search for a suitable sensor drastically. How-
ever, it induces other problems such as leakage.
Appendix A.1 describes in more detail how this
concept was selected.

Pressure monitoring, elaborate design

To realise this design, a hole was made in the
side of a standard Ultimaker nozzle. The hole
had to have enough clearance for the pin to
move freely, whilst being tight enough to pre-
vent leakage. Additionally, the pin had to be
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machined with a smooth surface. A sliding fit
H7/g6 was chosen, which is used for fits with
very small clearances for accurate guiding of
shafts. During extrusion, nozzle temperatures
rise up to at least 200 °C. Due to thermal ex-
pansion, both the pin and the hole expand. To
avoid a mismatch in thermal expansion, the pin
was manufactured from the same material as
the nozzle, brass CuZn39Pb3. The inner wall
of the nozzle is circular, whereas the frontal
surface area of the pin is flat. This creates a
ledge inside the nozzle which will influence the
flow. To reduce this effect, the dimensions of
the hole and the pin should be as small as possi-
ble. A smaller hole and pin diameter have more
advantages. The heat that conducts away from
the nozzle is lower, and the force that is trans-
ferred is lower with a smaller frontal surface
area, according to

P =
F

A
, (1)

where P is pressure, F is force and A is the
area at which the force applies. When the force
is smaller, a smaller sensor can be used with-
out losing sensitivity, which is favourable be-
cause of the limited space around the nozzle.
However, the manufacturability of the pin de-
creases with smaller dimensions, increasing the
cost. A trade-off was chosen between the ad-
vantages of a smaller pin and the costs related
to manufacturing it, resulting in a pin diame-
ter of 1 mm. The end of the pin touching the
load cell was rounded to decrease heat conduc-
tion to the load cell. To prevent locking and
buckling of the pin, a brass guiding tube was
press-fit into the nozzle to serve as guidance for
the pin. The final modified nozzle and the pin
are shown in Figure 17.

Figure 17: Custom-made equipment for pressure mon-
itoring inside an Ultimaker nozzle.

A 0.78kg micro load cell, Wheatstone bridge

sensor was selected. This sensor is relatively
robust, enables multiple mounting options, is
easy to use and cost efficient. With an ex-
pected maximum pressure of 94 bar, and a
pin diameter of 1 mm, the expected maximum
force is 7.4 N according to Equation 1. This
lies within the range of the load cell. Specifica-
tions on the load cell can be found in Appendix
A.2.

Complete assembly

The experiment was conducted as a proof-of-
concept in a static environment; extrusion in
open air with no printhead movement. Never-
theless, the pressure monitoring set-up was de-
signed to fit in an Ultimaker printhead whilst
printing, for further research. This is described
in more detail in Appendix D.3. In order to
capture more details of the extrusion process,
a larger experiment design has been assembled.
Figure 18 shows a schematic of the test set-
up, Figures 19 and 20 show images of the test
set-up. In the experiment an MS16HS7P4070
stepper motor feeds the filament into the liq-
uefier. From now on this will be referred to as
‘feeder’ and its input velocity is controllable.
The velocity of the feeder determines the fil-
ament throughput, which is expressed as dis-
placed filament volume per unit of time, with
unit mm3/s. However, the feeder can slip, for
example due to large friction forces. To ac-
count for this phenomena, an ERN 1023 ro-
tary encoder is installed to measure the real
filament flow-rate. A Bowden tube guides the
filament into the liquefier. Bowden tubes have
a low coefficient of friction and are used in 3D
printers to guide the filament. The filament
is pushed through the cold end into the noz-
zle, where it is melted. The force by which
the feeder pushes the filament is captured by
a 35kg Wheatstone bridge load cell. The as-
sembly of the nozzle is the same as in Ulti-
maker printers; the nozzle is mounted to the
cold end and heated through a heater block,
which serves as a thermal inertia to reduce
peak temperature fluctuations. The temper-
ature of the heater block is controlled through
a 25 Watt heater cartridge and a platinum 100
ohm (PT100) temperature sensor, which are
PID calibrated with values kp is 0.04, ki is 20.0
and kd is 10.0.
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Figure 18: Schematic of the complete test set-up. The items highlighted in green are user inputs and can be
controlled. The items highlighted in red are measured outputs which are logged at 1 kHz using Beckhoff data
acquisition modules connected to real-time TwinCAT software using EtherCAT. The data from those sensors are
logged on the same timestamp. The numbers 1 to 12 are for comparison with Figures 19 and 20.

A Conatex TM12K02GG2 thermocouple is
glued to the end of the guidance tube with
Permasol Sauereisen No. 31 A/B adhesive.
This is a temperature resistant glue that serves
as a good heat conductor. The pin that is
in contact with the melt transfers the force
to a 0.78kg Wheatstone bridge load cell, as
described in subsection Pressure monitoring,
elaborate design. The temperature of the load
cell is monitored with a PT100. A droplet
of Griffon unilube is applied between the pin
and the load cell for lubrication. A heat shield
made of aluminum foil is installed to prevent
the 0.78kg load cell from overheating. A Sunon
40x40x10 axial fan is used to cool the cold end
and the load cell. Both load cells, the fan, the
heat shield and the cold end were attached to
a custom-made aluminum mounting bracket.
Logging of the sensors was done at 1 kHz using
Beckhoff data acquisition modules connected
to real-time TwinCAT software using Ether-
CAT. The data points are logged on the same
timestamp. Appendix A.3 describes the cali-

bration process of each sensor. A readily avail-
able static extrusion device has been used as a
base for this assembly. An elaborate explana-
tion of how the set-up was assembled can be
found in Appendix A.4.

Figure 19: The complete test set-up. 1: Rotary en-
coder. 2: Feeder. 3: Modified nozzle assembly. 4:
Filament.

S. de Vries - Pressure monitoring inside the nozzle of an FFF 3D printer Page 14



Figure 20: A closeup of the set-up around the modified
nozzle. 5: Fan. 6: 0.78kg load cell and PT100. 7: Pin.
8: Thermocouple. 9: Cold end. 10: Nozzle. 11: Heater
and PT100. 12: 35kg load cell.

Methods

Materials

The primary experiments were conducted us-
ing a polymer called Ultimaker transparent
polylactic acid (PLA). It has a melting tem-
perature of Tm is 151.8 °C. The polymer is
wound on a spool as a filament with a diam-
eter of Df is 2.85 ± 0.10 mm. Print temper-
atures (Tp) range from 195 °C to 220 °C. Fur-
ther experiments have been conducted on Ul-
timaker transparent polycarbonate (PC), Ul-
timaker transparent glycol-modified polyethy-
lene terephthalate (PETG) and black DSMNo-
vamid ID1030 polyamide 6/66 (Nylon). Their
thermal properties can be found in Table 1.

Material Tm (°C) Tp (°C) D (mm)

PLA 151.8 195-215 2.85±0.10
PC 152.5* 260-280 2.85±0.05

PETG 225.0* 230-245 2.85±0.05
Nylon 200 250-275 2.85±0.05

Table 1: Thermal properties of the materials used. Tm

is the melt temperature, Tp is the print temperature
range and D is the diameter of the filament. The data
is acquired from technical datasheets [30–33]. *Amor-
phous material, so the melting point is a transition
range. The number described here is the mean of the
melting range.

All the materials are non-Newtonian, viscoelas-
tic, pseudoplastic polymers. This means that
their resistance to flow (viscosity) is not lin-
early dependent on its rate of deformation
(shear rate). Moreover, pseudoplastic fluids

are shear-thinning, which means their viscos-
ity is lower at higher shear rates. Additionally,
their viscosity is higher at lower temperatures.
A viscosity-shear rate curve of PLA at a tem-
perature of 200 °C is shown in Figure 21. This
data was provided by a research partner of Ul-
timaker.

Figure 21: Viscosity vs shear rate for PLA at 200 °C.
Note that the axes are on a logarithmic scale.

The viscosity curve for multiple temperatures
is obtained by combining the Cross equation
with the Arrhenius equation. The Cross equa-
tion states

η(T, γ̇) =
η0(T )

1 + (λ(T ) ∗ γ̇)a
(2)

where η(T, γ̇) is the viscosity, T is the tem-
perature, η0(T ) is the zero shear rate viscosity,
λ(T ) is the relaxation time and a is the shear-
thinning constant. The zero shear rate viscos-
ity η0 and the relaxation time λ are temper-
ature dependent. Their values are calculated
as

η0(T ) = aT ∗ η0(Tref) (3a)

λ(T ) = aT ∗ λ(Tref) (3b)

where aT is the Arrhenius equation and Tref

is the reference temperature. The Arrhenius
equation compensates for the difference in tem-
perature according to

aT = exp

(
Ea

R
∗
(
1

T
− 1

Tref

))
(4)

where Ea is the Arrhenius activation energy
and R is the gas constant. The Cross-
Arrhenius equations have been used to calcu-
late the viscosity curves for PLA at different
temperatures, shown in Figure 22.
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Figure 22: Viscosity curve for PLA at three different
temperatures.

The values of the parameters that are used to
plot this graph were obtained by an external
research partner of Ultimaker. The values are
listed in Table 2. The viscosity curves of the
other materials can be found in Appendix E.1.

Ea (J/mol) 70,700

R (J/(mol ∗K)) 8.314

Tref (K) 473.15

η0(Tref) (Pa ∗ s) 982

λ(Tref ) (s) 0.01

a (-) 0.82

Table 2: Constants used to compute the viscosity curves
for PLA. These are values from external research done
by an Ultimaker partner.

Nozzles

Figure 23 illustrates the cross section of an Ul-
timaker nozzle. Depending on its type, a noz-
zle can have a plateau with diameter Dp on the
inside, above the nozzle die.

(a) Nozzle with a plateau
above the die.

(b) Nozzle without a
plateau.

Figure 23: This illustration shows the difference be-
tween nozzles. They differ in dimensions and they can
have a plateau (Dp) or not.

Furthermore, nozzles differ in dimensions.

Three different types of nozzles have been
tested. Their dimensions can be found in Table
3. Important differences are that nozzle types
1 and 2 have a plateau, whereas nozzle type 3
does not; the plateau diameter is the same as
the nozzle die diameter. Additionally, nozzle
types 2 and 3 have a die diameter of 0.4 mm,
whereas type 1 has a die diameter of 0.8 mm.
The center point of the pin is always 1.1 mm
above the tapered part of the nozzle (L2).

Nozzle type

Dimension 1 2 3

Dn [mm] 3.2 3.2 3.2
L1 [mm] 11.96 11.88 11.05
L2 [mm] 1.1 1.1 1.1
α [°] 20 20 20

Dp [mm] 1.5 1.0 0.4
Ld [mm] 1.6 1.0 1.0
Dd [mm] 0.8 0.4 0.4

Table 3: Dimensions of the three types of nozzles that
have been tested. See Figure 23 for a clear image of the
dimensions.

Microscope

Prior to testing, both the modified nozzle and
the pin were imaged using a Leica DVM6 Dig-
ital Microscope. The diameters of the pin, the
guidance tube and the nozzle die were mea-
sured using the microscope. Additionally, the
equipment was checked for damage and incon-
sistencies. For example, the alignment of the
guidance tube with the inner wall of the nozzle
was checked, see Figure 24. More details about
the microscope can be found in Appendix C.2.

Figure 24: Example image of the alignment of the guid-
ance tube that was press-fit into the nozzle.
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Experiment

At the start of an experiment, the filament was
fed to the liquefier with a constant feed-rate
at a constant print temperature, which is dif-
ferent for each material. This action of purg-
ing the nozzle was performed for thirty min-
utes prior to each experiment. After purging,
the system was idled and checked for failures.
The data was checked for anomalies. The noz-
zle was reheated to a constant initial temper-
ature, 195 °C for PLA. The feed-rate was set
to the initial feed-rate, for example 1 mm3/s.
This constant extrusion was done for ten min-
utes and is referred to as a test. After every
test, the data was stored as a single hierarchi-
cal data format 5 (hdf5) file. The feed-rate was
increased and another ten minutes of constant
extrusion was executed. In total, four feed-
rates were tested. A ten second pause sepa-
rates the tests from each other. After all the
feed-rates were tested, the temperature was in-
creased and the feed-rate was reset to the ini-
tial value again. The same four feed-rates were
tested on a higher temperature. Finally, the
temperature was increased again and another
sequence of four feed-rates was tested. This
cycle of 12 tests was repeated twice. Subse-
quently, in total a single experiment consists of
36 tests. Every test is a ten minute extrusion
with a constant feed-rate and a constant tem-
perature. In order to automate this process,
Python was used to set the heater temperature
and to program the control of the feeder. The
temperature was kept constant with a separate
PID control loop.

Data analysis

The terms extrusion force/pressure and noz-
zle force/pressure are used to discriminate be-
tween the two measured forces, as shown in
Figure 25. The extrusion force is measured by
a 35kg load cell and converted to pressure us-
ing the area of the solid filament. The nozzle
force is transferred by a pin and measured by
a 0.78kg load cell. The force is converted to
pressure using the frontal area of the pin.

Figure 25: The extrusion force is measured by a 35kg
load cell and converted to pressure using the area of
the solid filament. The nozzle force is transferred by a
pin and measured by a 0.78kg load cell. The force is
converted to pressure using the frontal area of the pin.

For each ten minute test, with a constant tem-
perature and constant feed-rate, the extrusion
pressure and nozzle pressure were calculated
using Equation 1 with their respective area.
Figure 26 shows an example of a pressure-time
graph of both pressures for a single test. Note
that the pressure is calculated in Pa and con-
verted to bar before plotted. It takes time for
the system to reach steady-state, which gener-
ally happens after 150 s. The average value is
calculated between that point and the end of
the test, indicated by red dots.

Figure 26: The extrusion pressure (blue) and nozzle
pressure (orange) plotted against time for a single ten
minute test. This example is with a type 2 nozzle, a
feed-rate of 1 mm3/s and a temperature of 205 °C. The
average pressure value is taken after reaching steady-
state, between the two red dots.

Multiple feed-rate and temperature combina-
tions were tested, averaged and plotted in a
pressure-flow graph. Note that flow is not the
same as feed-rate. Feed-rate is the set point
of the volumetric flow of filament. Flow is the
actual volumetric flow accounting for the slip
of the feeder. Each test was repeated three
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times. The error of the force was propagated
with the error of the area to get the error of
the pressure, according to

σP = P ∗
√
(
σF
F

)2 + (
σA
A

)2, (5)

where P is the pressure, σP is the error of the
pressure, F is the average force, σF is the error
of the force, A is the area and σA is the error of
the area. Calculation of σF , σA and the error
of the flow is described in Appendix C.1.

Theoretical calculations

The experimental data was compared to the-
oretically calculated pressure values. The
theoretical pressure data is based on a rela-
tively simple method for calculating the pres-
sure drop throughout the nozzle, proposed by
Bellini et al. [19]. They combined the law
of conservation of mass and the law of con-
servation of momentum on a flow component
throughout three different sections of the noz-
zle. They then applied the power law model
of pseudoplastic melts to define a set of equa-
tions to calculate the pressure drop through
each section. This study uses similar theory,
but divides the nozzle into four sections, shown
in Figure 27.

Figure 27: A nozzle divided into four sections. Section
1 ranges from the top of the nozzle to the center of the
pressure monitoring pin. Section 2 ranges from the cen-
ter of the pin to the start of the conical shape within
the nozzle. Section 3 is the conically shaped part of the
nozzle and section 4 is the nozzle die. The rectangle on
the right illustrates the position of the pin.

Pseudoplastic melts exhibit shear-thinning be-
haviour; their viscosity decreases when their
shear rate increases (see Figure 21). The power

law is a method to describe such behaviour.
It is a good compromise between its simplic-
ity and its ability to fit the rheological data.
The power law of pseudoplastic melts relates
the shear stress and the shear rate of the fluid
through its material properties:

τ =

(
γ̇

ϕ

) 1
m

(6)

where τ is the shear stress, γ̇ is shear rate, ϕ is
the fluidity of the material andm is the flow ex-
ponent of the material, see Appendix B.1. The
pressure drop equations through each section
follow:

∆P1 = 2 ∗ L1 ∗
(
v

ϕ

) 1
m

∗

(
m+ 3(
Dn
2

)m+1

) 1
m

(7a)

∆P2 = 2 ∗ L2 ∗
(
v

ϕ

) 1
m

∗

(
m+ 3(
Dn
2

)m+1

) 1
m

(7b)

∆P3 =

(
2 ∗m

3 ∗ tanα

)
∗

 1

D
3
m
p

− 1

D
3
m
n

 ∗

((
Dn

2

)2

∗ (m+ 3) ∗ 2m+3

) 1
m

∗
(
v

ϕ

) 1
m

(7c)

∆P4 = 2∗Ld ∗
(
v

ϕ

) 1
m

∗

(m+ 3) ∗
(
Dn
2

)2(
Dd
2

)m+3


1
m

(7d)

where ∆Pi is the pressure drop over a section
i and v is the speed at which the filament en-
ters the nozzle. The sections and variables L1,
Dn, L2, α, Dp, Ld and Dd are illustrated in
Figure 23. Equation 7c, which describes the
pressure drop over the conical part of the noz-
zle, has been corrected. In the paper of Bellini

et al. [19], the term
(

v
ϕ

) 1
m

is missing, which

has been added in this study. Appendix B.2
explains this in more detail.

Results & Discussion

The first goal of this study is to evaluate if it
is possible to measure the pressure inside the
nozzle of an FFF 3D printer. Because PLA
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is the most used material in FFF 3D print-
ing, the focus of the pressure monitoring re-
search was on PLA. Therefore, the majority
of the results come from the experiments with
PLA. Figures 28 and 29 show an example of a
pressure-flow graph for the extrusion pressure
and nozzle pressure, respectively. This exam-
ple is from an experiment with a type 1 nozzle.

Figure 28: Extrusion pressure versus flow for four dif-
ferent feed-rates and three different temperatures with
a type 1 nozzle.

Figure 29: Nozzle pressure versus flow for four different
feed-rates and three different temperatures with a type
1 nozzle.

These graphs clearly show that the nozzle pres-
sure increases as the volumetric flow rate (flow)
increases, which is expected. For the same
flow, an increase in temperature results in a
decrease in nozzle pressure. This is mainly
due to the viscosity of the polymer, which de-
creases at increasing temperatures. In a single
test, the standard deviation of the extrusion

force is generally between 1% and 5%, with an
average of 3%. The standard deviation of the
nozzle force is generally between 0.5% and 3%,
with an average of 2%. This is a measure of
the deviation of the forces within a single test;
constant temperature and constant feed rate.
The standard deviation of repeated tests is
within the same range. The average standard
deviation is 4% and 2%, for the extrusion force
and nozzle force respectively. Furthermore, a
part to part analysis showed that the error be-
tween two identical nozzles is around 4% for
both the extrusion force and the nozzle force.
This indicates that the tests are repeatable.

During the experiments, polymer was recorded
leaking out of the guidance tube. This could
have an effect on the nozzle force measure-
ments, illustrated in Figure 30.

Figure 30: Melt in between the pin and guidance tube
can have an effect on the measurements. The melt can
drag the pin out increasing the measurements, or it can
cause friction which decreases the measurements.

The flow of melt leaking out can drag the
pin outwards resulting in higher force measure-
ments. However, the flow of melt was low.
Figure 31 shows the leakage recorded after 6.5
hours of extrusion. An approximation of the
leakage based on this image results in a vol-
umetric leakage of approximately 1 mm3. As
a comparison, when extruding at an average
flow of 4 mm3/s for 6.5 hours, a total volume of
93,600 mm3 is extruded. The flow of melt leak-
ing out is 0.001%. Therefore, the drag force is
considered negligible.
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Figure 31: Leakage between guidance tube and pin.
This image was taken after 6.5 hours of extrusion.

The friction force is approximated using the
following equations:

Ffr = σ ∗AL (8a)

σ = G′ ∗ ϵ (8b)

ϵ =
w

h
(8c)

where Ffr is the friction force, σ is the stress
within the leaking polymer, AL is the lateral
area of the pin inside the tube, G′ is the elas-
tic modulus of the leaking polymer, ϵ is the
strain of the leaking polymer, w is the hor-
izontal displacement of the pin and h is the
distance between the pin and the guidance
tube. The horizontal displacement w depends
on the pressure and is taken from the load
cell calibrations values. Both h and AL were
calculated using the diameters of the pin and
guidance tube obtained by the microscope, see
Chapter Methods: Microscope. Thermal ex-
pansion of the equipment was accounted for
using the temperature data from the thermo-
couple, see Chapter Experiment design: Com-
plete assembly. The friction force is different
for each nozzle, flow speed and temperature.
Throughout the experiments with PLA it is
estimated to lie between 0% and 5% of the
measured nozzle force. For most data points,
the friction is approximately 2%. Its contribu-
tion to the measurements is small and variable.
Therefore, its influence is neglected. A more
elaborate explanation of the approximation of
the friction can be found in Appendix C.3.

At this point the experiment has proven to be
able to repeatedly measure the pressure inside
the nozzle of an FFF 3D printer. In order to
make sense of the nozzle force data, it has been
compared to the extrusion force data.

Comparison of forces

When comparing Figure 28 to Figure 29, the
trend of the data points look similar. This is
confirmed by Figure 32, which shows the aver-
age extrusion force plotted versus the average
nozzle force. This graph is from the same ex-
periment as Figures 28 and 29.

Figure 32: Average extrusion force plotted against av-
erage nozzle force. This graph shows that the nozzle
force increases when the extrusion force increases.

Note that these data points are forces rather
than pressures. That way the errors in the
graph are purely force related and not affected
by the errors of the area of the filament or pin.
The trend of this graph shows that the noz-
zle force increases when the extrusion force in-
creases. Moreover, when examining both forces
during a single test more closely, they show
similar behaviour in terms of fluctuation. This
is illustrated in Figure 33.

Figure 33: Extrusion force and nozzle force during a
single test.
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Figures 32 and 33 confirm that the trend of the
measured nozzle pressure behaves similarly to
the trend of the measured extrusion pressure,
in real time and as a function of temperature
and flow. However, it does not confirm the ab-
solute values of the nozzle pressure data.

Comparison to theory

To better evaluate the absolute values of the
extrusion pressure and the nozzle pressure,
they have been compared to theoretical pres-
sure calculations. The power law (Equation 6)
was used to approach the non-Newtonian slope
of the viscosity curves of PLA to determine the
material properties m and ϕ, see appendix E.1.
The speed of the filament v was calculated by
dividing the volumetric flow over the area of
the filament. The speed, geometrical values of
the nozzle and the material properties were in-
serted into the pressure drop equations (Equa-
tion 7). This was done for multiple flows and
temperatures. The sum of the results of the
pressure drop Equations 7b, 7c and 7d, which
correspond to nozzle sections 2, 3 and 4, relates
to the pressure drop from the center of the pin
to the bottom of the nozzle. Those values were
plotted in the nozzle pressure graph of a type
3 nozzle, shown in Figure 34.

Figure 34: Nozzle pressure in a type 3 nozzle.

There is an excellent match between the the-
ory and the experimental nozzle pressure data.
As a comparison, the theory has been plot-
ted versus the experimental extrusion pressure.
The sum of the results of the pressure drop
equations over all sections relates to the total

pressure drop and was plotted in the extrusion
pressure graph, shown in Figure 35.

Figure 35: Extrusion pressure in a type 3 nozzle.

There is a mismatch between the experimental
data and the theory. The measured extrusion
pressure data is higher than the theory at any
flow and temperature. The theoretical pres-
sure drop over the first nozzle section is low
compared to sections 3 and 4. That is why the
theoretical pressure difference between Figures
34 and 35 is barely visible. However, the ex-
perimental nozzle pressure data is much lower
than the experimental extrusion pressure data,
and has a better match. This could be because
not all of the extrusion force measured is due
to the pressure, but also due to friction.

(a) The theory assumes per-
fectly straight filament en-
tering in the center of the
nozzle.

(b) In the experiment, the
filament causes more fric-
tion due to contact with the
walls.

Figure 36

For example, the filament that enters the noz-
zle has a curved shape because it is wound
on a spool. This shape causes extra friction
in the cold end and at the wall in the nozzle,
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as shown in Figure 36. Moreover, the filament
can buckle due to extrusion forces causing even
more friction.

There is an excellent match between the noz-
zle pressure data and the theory for a type 3
nozzle. The extrusion pressure is higher than
the theory because of entrance effects.

Comparison of nozzle types

Table 4 shows the important differences be-
tween the nozzle types.

Type Dd (mm) Plateau

1 0.8 Yes
2 0.4 Yes
3 0.4 No

Table 4: Important differences between nozzle types.
Dd is the die diameter.

The results of an experiment with a type 2 noz-
zle are shown in Figures 37 and 38. This nozzle
has the same die diameter as nozzle type 3, but
it has a plateau.

Figure 37: Extrusion pressure in a type 2 nozzle.

The experimental extrusion pressure and noz-
zle pressure are about 4% larger with the type
3 nozzle, compared to the type 2 nozzle. These
values are within the same range as the error of
the experiments, so the measured pressures in
a type 2 and type 3 nozzle are approximately
the same. However, the theoretical pressure
in a type 2 nozzle is lower. The difference be-
tween these two nozzles is that nozzle type 2
has a plateau. The sudden change in nozzle

diameter causes a pressure drop that is not ac-
counted for in Equation 7, which results in an
underestimation of the experimental pressure
drop throughout all the flows and temperatures
[34]. The larger mismatch with nozzle type 2
compared to nozzle type 3 suggests that the
theory should not neglect the pressure drop
over the plateau and a correction has to be
made. Additionally, similar to nozzle type 3,
due to entrance effects the mismatch between
the theory and the extrusion pressure is higher
compared to the mismatch between the theory
and the nozzle pressure.

Figure 38: Nozzle pressure in a type 2 nozzle.

Interestingly, in nozzle types 2 and 3, the ex-
trusion pressure around a flow of 3 mm3/s and
a temperature of 195 °C is higher than the ex-
trusion pressure around a flow of 5 mm3/s with
the same temperature. This is not in line with
the theory and requires a closer look. Note that
this behaviour is not visible in the nozzle pres-
sure graphs. Nozzle types 2 and 3 have been
tested with similar temperatures, but with feed
rates ranging from 1.6 to 4.4 mm3/s. The re-
sults of the extrusion pressure for a type 3 noz-
zle are shown in Figure 39. The graph clearly
shows a gradual increase and decrease in ex-
trusion pressure. It happens with all three
temperatures, although it is more extreme for
lower temperatures. Figure 41 shows the re-
sults of the extrusion pressure for a type 2 noz-
zle. The results are similar. Figure 40 shows
the graph of a single test. It is a test with a
type 2 nozzle, a temperature of 195 °C and a
feed rate of 2.8 mm3/s.
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Figure 39: Extrusion pressure versus flow around a flow
of 3 mm3/s within a type 3 nozzle.

Figure 40: A single test with feed rate of 2.8 mm3/s
shows fluctuations in the extrusion pressure and the
nozzle pressure. The fluctuations in the extrusion pres-
sure are about 20 bar.

Although this is a steady state test, the ex-
trusion pressure has fluctuations of up to 20
bar, which is high. As a comparison, extrusion
pressure fluctuations in other tests are about
5 bar. The nozzle pressure fluctuates as well,
but is more damped. The average value of the
extrusion pressure is higher than expected, the
average nozzle pressure is in line with expec-
tations. Therefore the cause of this anomaly
must lie above the point where the nozzle pres-
sure is measured. Even at steady state, the
melt behaves dynamically and its height moves
up and down during extrusion. According to
Serdeczny et al. [18], that is because the back-
flow functions as a heat conductor between the
nozzle wall and the solid filament which in-
creases the heat transfer rate. As a result, the
temperature increases, the viscosity decreases
and the pressure drops.

Figure 41: Extrusion pressure versus flow around a flow
of 3 mm3/s within a type 2 nozzle.

The pressure drop causes the backflow to sink.
Therefore, the heat transfer rate reduces, the
temperature reduces and the viscosity of the
melt increases. Consequently, the pressure in-
creases, resulting in a higher backflow which
causes the cycle to repeat itself. The hypothe-
sis is that with a flow of 3 mm3/s, the height
of the melt outreaches the length of the noz-
zle and flows into the heat break. Figure 42
illustrates this phenomenon.

(a) Melt height is within
the nozzle. It can fluc-
tuate but it stays below
the heat break.

(b) Melt height exceeds
the length of the nozzle
and flows into the heat
break.

Figure 42

The heat break is a very thin part of the liq-
uefier that separates the nozzle from the cold
end. It has a low thermal conductivity so the
temperature gradient in this region is large.
When the melt enters the heat break, it rapidly
cools down and starts to stick to the sides, cre-
ating a large friction force and blocking the
entrance of the nozzle. This temporarily slows
the throughput of new filament, which results
in a decrease of pressure in the nozzle. The
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feeder starts to push the filament with a higher
force. Once the friction force is overcome, the
polymer is pushed back in to the nozzle with
great force. The pressure increases and the
melt flows back in to the heat break again.
This explains the sharply fluctuating peaks in
the graph of Figure 40. It also explains why
the average extrusion pressure is high, whereas
the average nozzle pressure is not influenced.

The results for a type 1 nozzle are shown in
Figures 43 and 44, for the extrusion pressure
and nozzle pressure, respectively.

Figure 43: Extrusion pressure in a type 1 nozzle.

Figure 44: Nozzle pressure in a type 1 nozzle.

Compared to nozzle types 2 and 3, these graphs
show lower absolute pressure values for the ex-
perimental extrusion pressure, experimental
nozzle pressure and the theoretical calcula-
tions. This is expected because the nozzle die
diameter for a type 1 nozzle is twice as large as

the nozzle die diameter of the type 2 and 3 noz-
zle; the polymer flows through a larger area.
The mismatch between the experimental data
and the theory can be explained. Similar to
nozzle type 2, the theory underestimates the
experiments because it neglects the pressure
drop over the plateau. Additionally, similar
to nozzle types 2 and 3, due to entrance ef-
fects the mismatch between the theory and
the extrusion pressure is higher compared to
the mismatch between the theory and the noz-
zle pressure. Moreover, the mismatch increases
at higher flows for the extrusion pressure and
nozzle pressure.

A second experiment uses the same nozzle, but
extrudes at higher flows. The results of that ex-
periment have been plotted in the same graph
as the theory. This is shown in Figures 45 and
46 for the extrusion pressure and nozzle pres-
sure, respectively. Note that the temperatures
are different in this experiment. That is be-
cause Ultimaker printers print at higher tem-
peratures at these flows when using the type
1 nozzle. It was chosen to do the experiments
with Ultimaker print settings to simulate their
extrusion process.

Figure 45: The theoretical extrusion pressure plotted
against experimental data for higher flows and higher
temperatures.

These results confirm the previous findings:
due to entrance effects the mismatch between
theory and experimental pressure is higher for
the extrusion pressure compared to the nozzle
pressure, and the mismatch between the theory
and the experimental data deviates more at in-
creasing flows. The latter could be explained
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by the non-uniform temperature in the nozzle.
The solid, cold filament that enters the nozzle
decreases the average temperature of the melt.
At higher flows, the throughput of new, cold fil-
ament is higher which means that the average
temperature drops further. With lower tem-
peratures, the viscosity of the melt is higher
resulting in a higher pressure.

Figure 46: The theoretical nozzle pressure plotted
against experimental data for higher flows and higher
temperatures.

Additionally, the elasticity of the polymer
could increase the pressure as well [35]. Due
to the viscoelasticity of the polymers, when
a stress is applied, the polymer rearranges at
a molecular level; parts of the polymer chain
change position. This effect creates back stress
in the polymer and as a result, its elongational
viscosity increases, resulting in a higher pres-
sure. This effect is larger at higher flows.

Figure 47: Extrusion pressure versus flow for a type 1
nozzle with PLA. This graph is a combination of two
experiments. a) is an experiment at low flows. b) is an
experiment at high flows.

The geometry of the nozzle influences the pres-
sure during extrusion. In a nozzle with no
plateau, the experimental nozzle pressure data
and the theory have a good match for flows
between 1 mm3/s and 7 mm3/s and temper-
atures between 195 °C and 215 °C. However,
the theory must be corrected for nozzles with
a plateau. A larger nozzle die diameter re-
sults in a lower pressure drop. Entrance ef-
fects increase the mismatch between the the-
ory and extrusion pressure. Temperature non-
uniformity and polymer elasticity could ex-
plain the increasing mismatch at higher flows.

Materials

Four different materials have been tested to see
if the design set-up is able to measure the pres-
sure in multiple pseudoplastic melts. The vis-
cosity curves for PETG, PC and Nylon were
only available for a single temperature. Rhe-
ological properties such as those in Table 2
were not available for these materials. Conse-
quently, the viscosity curves for different tem-
peratures could not be calculated using the
Cross equation and the Arrhenius equation.
Therefore, tests with these materials have been
done at a single temperature; that of which the
viscosity curve was available. A partner of Ul-
timaker provided the viscosity curves, which
are shown in Appendix E.1. Figures 47 to 54
show the extrusion pressure and nozzle pres-
sure curves for PLA, PETG, PC and Nylon
tested with a type 1 nozzle.

Figure 48: Nozzle pressure versus flow for a type 1 noz-
zle with PLA. This graph is a combination of two ex-
periments. a) is an experiment at low flows. b) is an
experiment at high flows.
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Figure 49: Extrusion pressure versus flow for a type 1
nozzle with PETG.

Figure 50: Extrusion pressure versus flow for a type 1
nozzle with PC.

Figure 51: Extrusion pressure versus flow for a type 1
nozzle with Nylon.

.

Figure 52: Nozzle pressure versus flow for a type 1 noz-
zle with PETG.

Figure 53: Nozzle pressure versus flow for a type 1 noz-
zle with PC.

Figure 54: Nozzle pressure versus flow for a type 1 noz-
zle with Nylon.
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The pressure data from these experiments also
increases at higher flows. Additionally, it is re-
peatable; a repetition of tests resulted in the
same pressure value. Although the absolute
values of the pressures differ between materials,
the trend of the graphs look similar. All theo-
retical extrusion pressures and nozzle pressures
underestimate the experimental data. The ex-
perimental data deviates away from the theory
at higher flows. Figures 55 and 56 show the
pressure difference between the experiments
and the theory for each material at three dif-
ferent flows.

Figure 55: Extrusion pressure mismatch at three flows.
Nylon has been excluded at a flow of 14 mm3/s.

Figure 56: Nozzle pressure mismatch at three flows.
Nylon has been excluded at a flow of 14 mm3/s.

For all the materials and flows, the mismatch is
larger in the extrusion pressure, which confirms
that the entrance effects also play a role with
other materials. However, for each material,
the mismatch between measured pressure and
theoretical pressure is different. This study
cannot explain the difference in mismatch be-
tween the materials. However, Schuller et al.
[36] are working on identifying the dimension-
less mobility factor α for FFF printable poly-
mers. The mobility factor gives more insight
into material specific shear-thinning and elas-
tic normal stresses. This might explain the
difference in mismatch between the materials,
although more research is needed.

With Nylon, there is a sudden pressure increase
above feed rates of 11 mm3/s, illustrated in
Figures 51 and 54. Due to the high forces, the
feeder cannot push the filament down and slips,
resulting in an average flow speed that does not
exceed 11 mm3/s. Unlike the spike of extru-
sion pressure with PLA, as described in section
Comparison of nozzle types, this pressure spike
is also visible in the nozzle pressure. It in-
dicates that the extreme pressure drop does
not happen in the heat break, but somewhere
below the point at which the nozzle pressure
is measured. The author believes the failure
is due to cold extrusion. That means that the
solid filament can not melt quickly enough be-
fore it reaches the nozzle die, thereby clogging
the nozzle. The pressure monitoring set-up is
capable of detecting the high pressures even
when the feeder fails. Moreover, the similar
abrupt increase in extrusion pressure and noz-
zle pressure show that the origin of the defect
lies below the pin.

The pressure monitoring set-up is capable to
measure the pressure with different materials.
Moreover, it is able to measure the difference
in pressure drop between the materials. More
research is needed into the material properties
to explain the differences in the graphs and dif-
ferent mismatch with the theory.

Conclusions

In this study, a novel way of monitoring the
pressure inside the nozzle of a fused filament
fabrication 3D printer has been designed and
tested. The set-up has been found to reliably
and repeatedly measure the pressure of the
melt with different materials and nozzle ge-
ometries, at different temperatures and flows.
In parallel, the pressure has been measured at
the top of the nozzle, as proposed by previous
studies. The pressure measured inside the noz-
zle behaves similarly to the pressure measured
at the top of the nozzle, albeit at lower absolute
values. Moreover, the pressure measured inside
the nozzle has a better match with theoretical
pressure calculations compared to the pressure
monitoring set-up from previous studies. That
is because entrance effects do not influence the
nozzle pressure measurements. As expected,
the mismatch between the theory and the ex-
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perimental values varies with different nozzle
geometries, temperatures, flows and materi-
als. Generally, the experimental values deviate
further from the theory at higher flows. This
can be explained by the non-uniform tempera-
ture of the melt and the viscoelastic behaviour
of the polymers, which play a larger role at
higher flows. The theory matches the exper-
imental nozzle pressure data very well for a
nozzle without plateau, which indicates that
the theory must be corrected to account for
the pressure drop over a plateau.

In this study, non-linearities such as entrance
effects, temperature non-uniformity and elastic
melt behaviour are unprecedentedly captured
by experimental data, for a range of materials.
This novel way of monitoring the pressure in-
side the nozzle of an FFF 3D printer has proven
to outperform the strategy that measures the
pressure at the top of the nozzle. It provides
the next step in using experimental pressure
data to understand the complex dynamics of
the extrusion process. Thereby, it enables a
new possibility to develop improved extrusion
control strategies.
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Reflection

At the start of the project, I thought that 3D printing was easy; pushing plastic through a
hot tube and move it around. I was wrong. Quickly, I realised that 3D printing is much more
complex and requires a broad range of expertise to get it right. It takes great effort to get
the interaction of materials, hardware and software right. Additionally, being able to operate
a 3D printer is more difficult than I expected. It requires a lot of know how and experience to
produce better prints. It is save to say that I learned a lot about 3D printing, especially in the
field of extrusion. I never imagined all the phenomena that influence the extrusion process such
as temperature uniformity, non-linear viscosity profiles, pressure drops, backflow, retractions,
vortices, thermal expansion, compression etc. On top of that, they are all dependent on each
other which creates a very complex situation. I remember trying to visualise everything that
happened inside the nozzle and finding which phenomena influence each other and I ended
up with a scrapbook full of notes and arrows; a complete mess. Simultaneously it was very
insightful, I learned to zoom out, take a step back and look at the bigger picture. Not every
detail on the subject is important, but what is important is to figure out which part of the
problem is relevant, and which ones can be simplified.

Project

The idea to measure the pressure inside the nozzle has existed for a long time within Ultimaker.
When I signed up for the challenge I was quickly surrounded by enthusiastic colleagues, with a
lot of expertise on the subject, who were willing to help me. That is one of the things I liked
the most; it felt like I was in charge and did most of the decision making, but I had a team
of experts that I could always reach out to and ask for advice or help in any way. I am very
thankful for that and it made the project even more interesting. Especially because everybody
had different ideas about how to tackle the problem and it was my job to dive deep into each
idea to find a balance and come up with a feasible solution. It taught me a lot in terms of
decision making, working efficiently and staying goal oriented.
Moreover, I liked that the project started from scratch and I was involved in the entire process.
It taught me how to translate a research goal into an implementation strategy, which I think
is a very useful skill to possess. The project started with research into literature and pressure
monitoring techniques and evolved into concept planning and initial design sketches. The de-
signs became more detailed until they were ready to be manufactured. I made virtual parts
in SolidWorks and mechanical drawings that could be sent to the supplier. I had contact with
several manufacturers and ordered the parts. When they were delivered I assembled everything,
did a few tests and made some design improvements. I was in charge of testing, data analysis,
theoretical pressure calculations and presenting the process to my colleagues. In other words,
the multidisciplinary scope of the project is what I liked a lot and what I learned from the most.

Delft University of Technology teaches practical skills in forms of practical assignments or group
projects which I think is crucial for any engineer. However, in this internship that practical
experience has far exceeded anything I have done so far. Getting my hands dirty with print-
ing, soldering, cables, programming, working with SolidWorks, making drawings, using Product
Data Management (PDM) to actually create, print or order components to see how they work
in real life is a valuable lesson. It has shown me a more realistic side of engineering: no matter
how hard you think of all problems and solutions, reality can prove you wrong and sometimes it
is more efficient to make a decision and try it out rather than trying to think everything through.
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Personal

Things that have helped me during the process is that I am not afraid to reach out to other
people to ask for their expertise or help. This is especially true for colleagues with another field
of expertise. They are keen to share their knowledge to an eager pair of ears. In this way it
is possible to approach problems from multiple points of view creating a more complete sketch
of the issue, and thus a more creative solution oriented way of thinking is possible. Moreover,
I have been a team player since I can remember, which means that I can easily share all my
findings and discuss them with others. In fact, I think a sparring partner is crucial for efficient
progress, even for small issues. On the contrary, this means I need more confirmation before
taking initiative in taking the next step. Especially so with practical things. I have tried to
improve myself on this area, but I can still make progress there. Currently, I do still tend to
ask the opinion of other people before undertaking action.

In fact, during my thesis, I found that I tend to overthink before I go to action. With every idea
or solution I immediately try to find the drawbacks. This can be a good and a bad habit. For
example, this critical mindset has helped me solve the leakage issue in detail, which makes me
understand it and be able to present it in a logical manner. The critical mindset has also helped
me find an error in the theory, a theory that is widely used. Additionally, it helps me reflect
on myself and allows me to improve myself. However, it is time consuming and not always
possible to foresee everything. Sometimes, it is better to make a few assumptions and get to
action, because doing things can give critical insights which makes it easier to solve the problem.

Something that I learned about myself is that I appreciate the bigger picture. When I am
burying my head deep into theory or a detail I like to ask myself questions such as: What is the
motive for doing this, who will benefit, why do I do it this way, what are the alternatives? I have
noticed that I am less interested in the purely technical part of a problem, and more interested
in the overall scope of the project. To know a few things about everything appeals more to
me than knowing everything about a few things. I believe that this was always inside me and
that it is one of the reasons why I specifically wanted to graduate at a company. For example,
during lunch breaks or at the coffee machine I could speak to different people about supply
chain, about manufacturing, sales, IT, marketing or any other topic related to a company.

Company

This internship has taught me work experience, something I value a lot. Things like contacting
external companies, communicating with colleagues, securely sharing and documenting of the
process, working in a team, handling legal concerns such as confidentiality and taking responsi-
bility for your part of the work are all important aspects of a job in engineering. Besides time
management, which is something crucial in university projects as well, the relevance of costs is
very high in a commercial company. My wish to graduate at a company to get familiar with
their way of working and get work experience was more than granted. Not only did I get my
share of work experience, but I have witnessed a company during Covid times, I have witnessed
a reorganisation and its impact on people, I have witnessed a merger with a company on the
other side of the Atlantic ocean.
The whole 3D printing environment inspires creativity and I am intrigued by the mechatronics
side of it, which motivates me. This field of engineering is fun and has a great impact on the
industry, of which Ultimaker is one of the leading companies. The people within Ultimaker
share that same passion resulting in a curious attitude towards the projects around the com-
pany, including the sensorised nozzle project. With their flat organisational structure, it is easy
to speak to all colleagues informally, disregarding their position in the company, which creates
a pleasant working environment.
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Afterword

In general, I look back at a fun and exciting project from which I have learned a lot. I met
a lot of people and had great experiences. I look forward to joining Ultimaker as a junior
mechanical engineer to further explore the amazing world of 3D printing. I wish to thank Can
Ayas for supervising me on behalf of Delft University of Technology. I wish to thank Paola
Fanzio and Sam Kent for taking the roles as supervisor on behalf of Ultimaker and guiding
me in the development of this work. I would also like to thank all the colleagues that were
involved in the project such as Koos Welling, Maqsood Alam, Ron van Dorssen, Siert Wijnia
and Marc Joosen. Lastly I would like to thank the other colleagues at Ultimaker for their
openness, enthusiasm and for sharing their ideas and expertise which have been very helpful in
the development process.
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Appendices

A Experiment design

This appendix describes in detail how the experimental set-up was designed, calibrated and
assembled. The limits of the system and the assumptions made are also described.

A.1 Concept selection

Measuring the pressure of a fluid in general is not that difficult and can be done in various
different ways. Numerous types of pressure sensors exist on the market, which measure the
pressure directly or indirectly. An example of measuring the pressure indirectly is by using
a force sensor. The pressure can be calculated as long as the area over which the force is
transferred is known according to

P =
F

A
(9)

where P is pressure, F is the measured force and A is the area over which the force is transferred.
Pressure inside a tube creates stress in its walls which causes the tube to expand. Therefore,
strain sensors on the wall of a pressure vessel could also be used to measure the pressure indi-
rectly.

Measuring the pressure of a molten polymer inside the nozzle of a 3D printer is much more
complex. A suitable sensor has to be capable of overcoming a combination of a few extreme
conditions. For example, it should be a miniature sensor because the diameter of standard
nozzles is around 3 mm. Additionally, 3D printers operate at temperatures of at least 200 �,
so the sensor has to be heat resistant and cannot be influenced by a difference in temperature.
Pressures are expected to go up to 94 bar. This value comes from previous internal research
done by Ultimaker where they measured the compressive force of the filament before it entered
the nozzle. Those forces reached 60 N. The area of the filament is 6.3794 ∗ 10−6 m2. By assum-
ing that all of the compressive force comes from the pressure that is applied to the area of the
filament, using equation 9 results in a pressure of approximately 94 bar. The sensor must also
influence the flow of the molten material as little as possible to minimise the observer effect;
observing a situation will change it. Possible leakage of the nozzle due to a design change can
cause problems and must be avoided. In between measurements, the temperatures will drop
and the polymer changes state. A sensor placed directly in the flow must therefore be able
to withstand solidification on its measuring membrane. Preheating of the nozzle (and printing
process) takes too long for a dynamic way of measuring steady state extrusion, which means
that piezoelectric sensors are not a viable option because they dissipate charge over time and
need to be constantly re-calibrated for longer measurements. Pressure at any point is equal in
all directions which is convenient because orientation of possible sensors is not relevant. How-
ever, placement of the sensor is crucial because the pressure is not equal at any point in the flow.

Finally, to understand the current print process better, the sensor must be implemented in
the current printhead design, so as to replicate the actual process as well as possible and not
accidentally measure other phenomena. This means that the whole system has to be redesigned
as little as possible. Obviously, the costs of the design have to be minimised as well.

One of the concepts that was evaluated uses a pressure transducer, see Figure 57.
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Figure 57

The advantage of this design is that the sensor is designed to measure the pressure in plastics
(during injection moulding) and it is an off-the-shelf solution. In other words, the sensor will
work and it requires little effort to measure with it. However, due to the size of the sensor, it
requires a big modification of the nozzle. Note that this is one of the smallest pressure trans-
ducers in the market but it is still large for the nozzle of an FFF 3D printer. It cannot be placed
directly into the melt, because its diameter is larger than that of the nozzle, so the idea was to
add a chamber to the nozzle that would fill itself with the melt. This induces a few problems
such as filament degradation in the chamber and leakage between the chamber and the nozzle.
Moreover, because of the size of the chamber compared to the nozzle, the chamber must be
separately heated to keep the temperature the same as the nozzle. The pressure would not be
measured inside the nozzle, but away from it, so the relevance of the measurements would be
dubious. It is not an ideal solution.
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A second concept uses fiber Bragg grating (FBG) to measure the strain of the nozzle during
extrusion, see Figure 58.

Figure 58

The nozzle strains due to a difference in temperature and pressure. The strain due to tempera-
ture is larger, so an accurate local measurement of the temperature is required. The strain due
to temperature would be lower with a thinner nozzle wall and the strain due to pressure would
be bigger with a thinner nozzle wall. Therefore, it was chosen to cut away part of the nozzle
wall and place the fiber Bragg grating on a thin-walled part of the nozzle. The cut-away would
be filled with thermal glue and extra brass to decrease the loss of heat flow towards the tip of
the nozzle. The advantage of this concept is that it does not influence the flow and it requires
little space. In fact, this concept could be placed in nozzles used in 3D printers to measure the
pressure in-line. However, it is an expensive solution. Moreover, every nozzle is equipped with
its own sensors and cannot be interchanged; it is impossible to swap nozzles without swapping
the sensor. It is preferred to swap nozzles because they might clog or to test different inner
geometries. This design exceeded the budget for the project and has not been chosen.

The concept that has been chosen for further development is similar to what Coogan and Kazmer
[20] designed, with a few improvements. The design uses a tiny pin to transfer the force exerted
by the polymer to an externally mounted sensor. A schematic has been included in Figure
59. With this concept, the modified nozzles are cheap to manufacture, cheap to replace and
sensor independent; nozzles can be swapped without the need to change sensors. Lead times
for components are short, which is great for quick results, and the extrusion process will hardly
be influenced. Moreover, experimenting with this design can be done while barely changing the
printhead of an Ultimaker.

Figure 59: Schematic of the chosen concept. It roughly shows the crossection of a nozzle, a pin (in gray) and a
force sensor (in blue).
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This design is simple and cheap, it is a quick solution to get first-hand experiences and knowledge
with pressure monitoring. The initial sketch of this concept is shown in Figure 60. The idea
was to not modify the inner geometry of the nozzle to replicate a realistic extrusion process.
The initial design includes leakage prevention by possibly including an O-ring. However, after
consulting with O-ring manufacturers, it became clear that this was no guarantee for a leakage
free set-up. Instead it would be costly to manufacture a few custom-made O-rings, which
introduce a lot of friction. Some form of heat break is needed to prevent heat conducting
to the sensor. It was important to make an extension of the nozzle to serve as a guidance
to prevent buckling or tilting of the pin due to forces perpendicular to its axis. This image
shows a thin part of the pin which serves as a hinge. This would simultaneously function as a
heat break. However, the manufacturability of such a small hinge was not possible for several
suppliers without increasing the costs drastically. Appendix A.4 describes the solution for these
problems.

Figure 60: Simple sketch of ejector pin idea, initially

The sensor should not be attached to the nozzle because this conducts heat away from the
nozzle, which would change the extrusion process. Moreover, this would heat the sensor which
could influence its measurements. However, due to the vertical force that the filament exerts
on the nozzle, the nozzle will move up and down a bit during extrusion. If the sensor would be
externally attached, and not have the same movement, this difference in motion would induce
friction forces and possibly bend the pin, resulting in a failure of the set-up. It was chosen
to mount the sensor to an aluminum bracket, to which the nozzle would also be attached. In
this way there is little heat conduction from the nozzle to the sensor (only through the pin).
Assuming high stiffness of this design will result in a tiny difference in movement between the
pin and the sensor. The thread of a nozzle, which is used to screw it into place, is randomly
oriented. This is because the rotary orientation of the nozzle in a printer does not matter. In
the current design, it does matter because there is limited space around the nozzle and the pin
must align with the sensor. To align the pin, spacers between the nozzle and the aluminum
bracket could be used. That way, the nozzle can still be tightly screwed into place, but with a
different rotary orientation. This does however influence the height at which the pin is located.
This height will be different for each nozzle, so the force measurements must not be influenced
by the spot at which the force is applied. The final design set-up is illustrated in Appendix A.4.
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A.2 Force sensor

The expected maximum pressure is 94 bar. Using equation 9 and a pin diameter of 1 mm, the
expected maximum force transferred is 7.4 N. The sensor that was chosen is a 0.78kg micro load
cell, Wheatstone bridge sensor. This robust sensor can handle the maximum expected force,
fits in the Ultimaker printhead, is easy to use, can be easily mounted due to its threaded holes
and is cost efficient. On top of that, it is designed in such a way that the position of the force
on the measuring area does not influence the measurements, which is a requirement. Figure 61
shows an image of the load cell. Figure 62 shows a mechanical drawing of the load cell.

Figure 61: A 0.78kg micro load cell that was used in the experiments.

Figure 62: Mechanical drawing of the load cell.

A.3 Sensor calibration

The feeder has been calibrated with a piece of filament marked at 270.0 mm. The filament
was placed into the feeder and an extrusion distance of 270.0 mm was executed. The distance
between the feeder entrance and the mark was measured with a caliper and the distance per
revolution setting in the feeder configuration file was modified accordingly. This process was
repeated until the mark was exactly at the entrance of the feeder three times without having
to adjust the feeder configuration. The rotary encoder was calibrated by extruding 20.0 mm
using the feeder. The encoder value was measured and the encoder count per distance setting
in the encoder configuration file was adjusted accordingly. This process was repeated until the
encoder value was within 0.01% of the feeder value three times without having to adjust the
encoder configuration. Both load cells were calibrated using a Sauter FH-S force gauge mounted
on a manually adjustable worm wheel. The deflection of the 0.78kg load cell during calibra-
tion was also measured with a caliper mounted to the worm wheel. An applied force of 7.0 N
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corresponds with a deflection of 0.07 mm. A thermocouple was calibrated using an RS PRO
temperature calibrator. That thermocouple was then used to calibrate the PT100s by sticking
it into a molten polymer at 200 °C. The PID settings to maintain a constant temperature were
taken from a standard Ultimaker heater block. They were tested and an overshoot of 1 °C was
detected when heating from 20 °C to 200 °C. The settling time was about two seconds, so the
PID settings were not adjusted.

With different nozzles, the pin touches the load cell at different points. This is explained in
Appendix A.4. A second and third calibration were performed on the 0.78kg load cell, each
by applying the force on a different spot. The difference between the different points was not
measurable. In other words it does not matter where the pin hits the load cell, the measured
force is the same.

A.4 Assembly

This section thoroughly describes the assembly of the designed test set-up. This procedure was
done every time a different nozzle was tested. Firstly, the inside of the nozzle was blasted with
invertible butane duster, to remove dust or other debris that could be stuck inside the nozzle
or guidance tube. The nozzle was screwed into the heater block. The thread of each nozzle is
differently aligned because in a printer, the rotary orientation of the nozzle is not relevant. The
heater and PT100 that stick into the heater block can only be inserted in one way, and cannot
stick out in any direction due to the limited space around the nozzle. However, the thread of
the heater block is also arbitrary. Different heater blocks were tried until one would fit and align
well. After that, the nozzle was screwed into the cold end and into an aluminum bracket. The
orientation of the nozzle with respect to the aluminum bracket is important, because the pin
must be perpendicular to the surface area of the load cell for the force to be correctly applied.
A spacer was used to be able to align the pin correctly. An image of the assembly so far is
shown in Figure 63.

Figure 63: Front view of the basic pressure monitoring set-up. The heater block must be aligned such that its
cables point backwards. A spacer is used to align the pin to the left.

The spacer creates a vertical offset. Therefore, the distance between the aluminum bracket and
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the pin is different for each nozzle. A thermocouple was glued to the end of the guidance tube
using Permasol Sauereisen No. 31 A/B adhesive. This glue can withstand high temperatures
and is thermally conductive. The wire of the thermocouple is clamped onto the aluminum break
with screws, a strap of wood and soft material to anchor the sensor, see Figure 64.

(a) Front view (b) Trimetric view

Figure 64: A thermocouple is glued to the guidance tube. Its wire is clamped to the aluminum bracket.

A PT100 was glued into the load cell and the load cell was mounted to the aluminum bracket
using a screw. Another spacer was used to offset the distance between the load cell and the
nozzle, so that the pin would precisely align with the inner wall of the nozzle. This spacer also
serves as a clamp for a five times folded piece of aluminum foil. The aluminum foil serves as a
heat shield to minimise the load cell from heating up, see Figure 65.
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Figure 65: Front view.

Both spacers are 3D printed and allow for some compression to be more flexible in alignment. A
caliper was used to measure the distance manually from the load cell to the center of the nozzle.
The load cell is always mounted in the same position, whereas the pin has different heights for
different nozzles. Therefore, the location at which the pin hits the load cell is different for each
nozzle. A bracket was 3D printed to mount the fan to the aluminum bracket and to shield the
heater block from the fan. Figure 66 is a SolidWorks sketch of this bracket. It was printed using
an Ultimaker S5 in white tough PLA.

Figure 66

The bracket aims the fan at the cold end and load cell, to actively cool them. Simultaneously it
shields the heater block, nozzle and pin from cold air flow caused by the fan. Figure 67 shows
the assembly of the pressure monitoring set-up.
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(a) Left view. (b) Front view. (c) Right view.

Figure 67: Assembly of the pressure monitoring set-up inside the nozzle.

This sub assembly was mounted to a 35kg load cell by means of a screw. Figure 68 shows the
complete assembly. The rotary encoder and feeder are installed on a metal beam with bolts
and nuts. The back of the cabinet has room for a spool of filament.

Figure 68: The complete test set-up. 1: Rotary encoder. 2: Feeder. 3: Modified nozzle assembly. 4: Filament.

A.5 Assumptions and simplifications

Firstly, it is assumed that all the forces that are measured are due to the pressure, and that
there are no other forces influencing the measurements. The area of the filament is assumed to
be constant. For the extrusion force, it is clear that not all of the forces are due to pressure
and that the pressures presented in the paper are too high. The pressure data for the nozzle
pressure is discussed below.

The pressure monitoring set-up works under a few conditions. For example, it has been assumed
that the leakage has no effect on the measurements. Appendix C.3 explains why. Additionally,
it is assumed that the pin is in full contact with the melt at all times. In reality, it could be
that the molten polymer does not get up to the point at which the pressure is measured. If
part of the pin is in the melt, it would result in lower pressure measurements. According to
another study performed by Ultimaker, the height of the melt flow is higher at lower flows and
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vice versa. It implies that this phenomenon would more likely play a role at higher flows. When
looking at the data, the pressure only increases at higher flows, so it is believed that melt is
always high enough. Moreover, compared to the theory, the experimental data is never lower,
which is another indication that this phenomenon does not happen.

In the bottom of the nozzle, the polymer is forced through the nozzle die. Not all the filament
fits through and some of it crawls back up again creating vortices in the lower part of the nozzle.
Figure 69 illustrates this.

Figure 69: Vortices are created near the nozzle die.

If these vortices go as high as the pin, it can influence the readings. Moreover, the vortices
will always flow from the nozzle wall towards the center, thereby decreasing the measured force.
This study has not quantified the vortex behaviour. However, when comparing the experimental
data to the theory, the experimental data is always higher, which implies that the vortices do
not decrease the measurements. Additionally, a research partner of Ultimaker is simulating
vortex behaviour. They have found that the vortices are more severe at high flows. According
to their simulations, the flow has to be doubled before the vortices reach the location of the
pin. Therefore, it is assumed that the vortices do not impact the measurements. However, if
this set-up is to be used for higher flow measurements, it could be that the influence of vortices
has to be taken in to account.
The load cell only behaves linearly at temperatures below 40 °C. A heat shield was placed
between the nozzle and the load cell to prevent the load cell from reaching that temperature
through convection, as discussed in Appendix A.4. Additionally, the pin was rounded at the
end to prevent heat conduction through the pin. The PT100 attached to the load cell has
recorded a maximum temperature of 29.8 °C, and was generally around 25 °C. Therefore, the
non-linearity range of the load cell was not reached.
The limit of the pressure monitoring set-up has not been reached during the experiments. There
have been no recordings of excessive leakage, damage, too high temperatures or too high forces.
In an experiment with Nylon, the force limit of the load cell was almost reached. However, the
feeder failed due to the high forces before the limit of the sensor was reached. Therefore, the
set-up is robust in the sense that it can handle all the flows and temperatures of this study.
However, a few pins and nozzles were damaged during assembly, due to its delicate design. In
other words, the set-up is fragile during assembly, but robust once installed.
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B Theory

B.1 Power law model

In the case of a Newtonian fluid, the shear stress τ is proportional to the shear rate γ̇:

τ = η ∗ γ̇ (10)

where η is the constant proportional viscosity of the fluid, which is a measure of the internal
resistance to flow under shear. In pseudoplastic polymers, such as the materials used in this
study, the viscosity η is not constant, but dependent on the shear rate γ̇. In a log-log graph, with
shear rate on the x-axis and viscosity on the y-axis, the viscosity of a Newtonian fluid would be
a straight line, whereas the viscosity of pseudoplastic fluids would decrease as a function of shear
rate. The Power Law of Ostwald and deWaele is the most widely used model for describing the
non-Newtonian slope in the viscosity curve of pseudoplastics [35]. It relates the shear stress and
the shear rate of the fluid through its material properties:

γ̇ = ϕ ∗ τm (11)

where γ̇ is shear rate, τ is the shear stress, ϕ is the fluidity of the material and m is the flow
exponent of the material. Figure 70 illustrates the viscosity curve of a pseudplastic; PLA in
this case. At low shear rates it behaves as a Newtonian fluid. With increasing shear rates, the
viscosity drops. The power law approximates the slope of this non-Newtonian behaviour.

Figure 70: The power law approaches the non-Newtonian slope of the viscosity curve.

The flow exponent m describes the ability of a material to flow and its deviation from the
Newtonian behaviour [35] and is expressed as

m =
∆log(γ̇)

∆log(τ)
. (12)

In the viscosity curve, m is the slope of the non-Newtonian region. For Newtonian fluids, m = 1
and ϕ = 1

η . For pseudoplastic fluids, m > 1. By rearranging Equation 11 for τ , we get
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τ =

(
γ̇

ϕ

) 1
m

(13)

which is implemented in the Cauchy momentum equation, as is described in Appendix B.2.
This study uses the Python function curve fit to find the best approximation of the non-
Newtonian slope in the viscosity graph. It uses non-linear least square fitting of the data
to find optimal parameters for m and ϕ so that the sum of the squared residuals is minimised.
A difficulty with this approach is defining the distinction between the Newtonian plateau and
the non-Newtonian slope. It is a gradual transition from Newtonian plateau to non-Newtonian
behaviour, rather than an abrupt set point. In this study, the data points that were included
in the curve fit function were manually selected for each material. Appendix E.1 shows the
viscosity curves for each material. They include the manually selected set point that defines
the start of the non-Newtonian slope of the curve. The values of m and ϕ are listed in Table 5.

Material m (-) ϕ (1/η)

PLA 2.42 4.09E-10
PETG 1.28 1.79E-4
PC 4.13 1.62E-15

Nylon 15.04 1.19E-53

Table 5

According to Michaeli [35], the values of m for polymeric melts lie between 1 and 6. In this
study, the value m for PLA, PETG and PC lie within that range. However, Nylon has a
flow exponent m of 15.04. This could indicate that the viscosity curve for Nylon is incorrectly
measured, or that the approach of the Power Law does not fit well with Nylon. The high value
for m explains why the theoretical pressure drop for Nylon is very low.

B.2 Pressure calculations

Figure 71: A nozzle divided into four sections. The rectangle on the right illustrates the position of the pin.

Section 1 ranges from the top of the nozzle to the center of the pressure monitoring pin. Section
2 ranges from the center of the pin to the start of the conical shape within the nozzle. Section
3 is the conically shaped part of the nozzle and section 4 is the nozzle die.
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Figure 72

The Cauchy momentum equation was used to find the flow speed equation through a cylindrical
tube. In cylindrical coordinates, for a flow in the direction of z, as shown in Figure 72, the
equation holds:

ρ

(
∂uz
∂t

+ ur
∂uz
∂r

+
uθ
r

∂uz
∂θ

+ uz
∂uz
∂z

)
= −∂P

∂z
− ∂τzz

∂z
− 1

r

∂τθz
∂θ

− 1

r

∂(rτrz)

∂r
+ ρgz. (14)

Which states that there must be a conservation of momentum in the flow throughout the
cylinder. To simplify the equation, a few assumptions are made. ∂uz

∂t = 0 because the flow is
assumed to have a constant speed. The flow is also assumed to be purely in the direction of z,
which means that ur

∂uz
∂r = 0 and uθ

r
∂uz
∂θ = 0. By assuming a constant pressure gradient in the

channel cross-section, the effects of normal stress can be omitted, which means that ∂τzz
∂z = 0.

Rotational symmetry throughout the cylinder yields that 1
r
∂τθz
∂θ = 0. Gravitational forces are

negligible compared to frictional forces and pressure, so ρgz = 0 is assumed. These assumptions
simplify Equation 14 into:

ρ

(
uz

∂uz
∂z

)
= −∂P

∂z
− 1

r

∂(rτrz)

∂r
. (15)

The continuity equation states that there must be a conservation of mass. In cylindrical coor-
dinates this equation states:

∂ρ

∂t
+

1

r

∂

∂r
(rρur) +

1

r

∂

∂θ
(ρuθ) +

∂

∂z
(ρuz) = 0. (16)

The melt is assumed to be incompressible, so the density is constant resulting in ∂ρ
∂t = 0. The

speed is considered to be purely in z direction, so 1
r

∂
∂r (rρur) = 0 and 1

r
∂
∂θ (ρuθ) = 0. Therefore,

∂
∂z (ρuz) = 0, in other words ∂ρ

∂z ∗uz +
∂uz
∂z ∗ ρ = 0. Since the density is constant, ∂ρ

∂z ∗uz = 0 and

therefore ∂uz
∂z ∗ ρ = 0. Putting this result into equation 15 results in:

0 = −∂P

∂z
− 1

r

∂(rτrz)

∂r
. (17)

After rearranging and integrating over r this becomes
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∫
∂

∂r
(rτrz) =

∫
∂P

∂z
∗ r (18)

leading to

rτrz =
r2

2

∂P

∂z
+ C1 (19)

The stress in the flow at the middle of the cylinder is equal to zero. Therefore at r = 0, τrz = 0
which results in C1 = 0. Inserting and rearranging gives

τrz =
r

2

∂P

∂z
(20)

According to the power law

τrz =

(
γ̇

ϕ

)( 1
m)

(21)

where the viscosity γ̇ is ∂u
∂r . Implementing the power law into Equation 21 results in

∂u

∂r
=

ϕ

2m

(
∂P

∂z

)m

rm (22)

and after integration

u =
ϕ

2m

(
∂P

∂z

)m rm+1

m+ 1
+ C2. (23)

At the wall, the speed of the flow is zero: u(r = R) = 0. This means that

ϕ

2m

(
∂P

∂z

)m Rm+1

m+ 1
+ C2 = 0 (24)

which means that

C2 = − ϕ

2m

(
∂P

∂z

)m Rm+1

m+ 1
(25)

Therefore, the general equation of the flow speed in the cross section of a channel with radius
R is

u(r) =
ϕ

2m

(
∂P

∂z

)m rm+1 −Rm+1

m+ 1
(26)

The average flow at a point in the cylinder can be computed by taking the double integral over
the speed profile from Equation 26, and dividing by the initial area (with radius Rn) of the
cylinder:

u =
1

πR2
n

∫∫
u(r) dr dθ (27)

The following paragraphs show the pressure drop calculations over each of the sections described
in Figure 71.
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B.2.1 Section 1

Section 1 can be seen as a cylinder with radius Rn and length L1, as shown in Figure 73.

Figure 73: Section 1 of the nozzle is approached as a cylinder with radius Rn and length L1.

The average velocity of the flow in the cross section of this cylinder, according to Equation 27,
is

u =
1

πR2
n

∫ Rn

0
2πr ∗ uRn(r) dr. (28)

Inserting Equation 26 gives

u =
2

R2
n

∫ Rn

0
r

(
ϕ

2m

(
∂P

∂z

)m) rm+1 −Rm+1
n

m+ 1
dr (29)

equals

u = A ∗
∫ Rn

0
r
(
rm+1 −Rm+1

n

)
dr (30)

where

A =
ϕ

2m

(
∂P

∂z

)m 2

R2
n(m+ 1)

. (31)

This results in

u = A ∗
(∫ Rn

0
rm+2 dr −

∫ Rn

0
rRm+1

n dr

)
(32)

equals

A ∗
[
rm+3

m+ 3

∣∣∣Rn

0
−Rm+1

n ∗ r2

2

∣∣∣Rn

0

]
= A ∗

[
Rm+3

n

m+ 3
−Rm+1

n ∗ R2
n

2

]
(33)

equals
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u = −ϕ

(
∂P

∂z

)m

∗ Rm+1
n

2m(m+ 3)
. (34)

Rearranging and integrating over the length L1 results in the pressure drop equation for section
1:

∆P1 = 2 ∗ L1 ∗
(
v

ϕ

) 1
m

∗

(
m+ 3(
Dn
2

)m+1

) 1
m

(35)

where v is the same as the average velocity u and Dn
2 is the same as the radius Rn.

B.2.2 Section 2

Section 2 can be approached as a cylinder with radius Rn and length L2. Therefore, the
same steps have been taken as in Section 1, but instead Equation 34 has been rearranged and
integrated over the length L2 leading to

∆P2 = 2 ∗ L2 ∗
(
v

ϕ

) 1
m

∗

(
m+ 3(
Dn
2

)m+1

) 1
m

. (36)

B.2.3 Section 3

Section 3 can be seen as a cone with radius Rn which linearly decreases to radius Rp under an
angle α, with a length L. It is approached as a sequence of infinitesimal small circular pipes.

Figure 74: Section 3 of the nozzle is approached as a cone with radius Rn which linearly decreases to radius Rp

under an angle α, with length L.

Using Equations 26 and 27 with these variables results in

u =
2

R2
n

∫ Rd

0
r

(
ϕ

2m

(
∂P

∂z

)m) rm+1 −Rm+1

m+ 1
dr (37)

Where R is a function of z according to
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R = Rn − tanα ∗ z. (38)

Solving this equation yields

u = −ϕ

(
∂P

∂z

)m

∗ Rm+3

R2
n

1

2m ∗ (m+ 3)
. (39)

Rearranging gives

∆P = B

∫ L

0
(C ∗ z ∗Rn)

−m−3
m dz (40)

with

B =

(
u ∗R2

n ∗ 2m ∗ (m+ 3)

ϕ

)( 1
m)

(41)

and

C =
Rn −Rp

L
(42)

L =
Rn −Rp

tanα
. (43)

Integration results in

∆P = −B ∗m
3 ∗ C

∗
(
(C ∗ L+Rn)

−3
m −R

−3
m
n

)
. (44)

Implementing and simplifying results in the pressure drop over section 3:

∆P3 =

(
2 ∗m

3 ∗ tanα

)
∗

 1

D
3
m
p

− 1

D
3
m
n

 ∗

((
Dn

2

)2

∗ (m+ 3) ∗ 2m+3

) 1
m

∗
(
v

ϕ

) 1
m

(45)

where v is the same as u, Dp is the same as 2 ∗ Rp and Dn is the same as 2 ∗ Rn. Compared

to the pressure drop over this section as proposed by Bellini et al. [19], the term
(

v
ϕ

) 1
m

is now

included in the equation.

B.2.4 Section 4

Section 4 can be seen as a cylinder with radius Rd and length Ld, as shown in Figure 75.
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Figure 75: Section 4 of the nozzle is approached as a cylinder with radius Rd and length Ld.

Using Equations 26 and 27 with these variables results in

u =
2

R2
n

∫ Rd

0
r

(
ϕ

2m

(
∂P

∂z

)m) rm+1 −Rm+1
d

m+ 1
dr. (46)

Solving this integral results in

u = −ϕ

(
∂P

∂z

)m

∗
Rm+3

d

R2
n

1

2m ∗ (m+ 3)
. (47)

Rearranging and integrating over the length Ld results in the pressure drop equation for section
4:

∆P4 = 2 ∗ Ld ∗
(
v

ϕ

) 1
m

∗

(m+ 3) ∗
(
Dn
2

)2(
Dd
2

)m+3


1
m

(48)

where v is the average velocity u, Dn
2 is the same as Rn and Dd

2 is the same as Rd.
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C Peripherals

C.1 Error propagation

The average pressure was calculated at different flows and temperatures. For each average
pressure that was calculated, the error of the pressure was calculated according to

σP = P ∗
√
(
σF
F

)2 + (
σA
A

)2 (49)

where P is the pressure, σP is the error of the pressure, F is the average force, σF is the error
of the force, A is the area and σA is the error of the area. The error of the force σF is the
standard deviation of all the data points in the test, calculated using

σF =

√∑N
i=1 |fi − µf |2

N
(50)

where N is the total number of data points in the tests at the corresponding flow and temper-
ature, f is the data point of a single force measurement and µf is the mean of the data points.
The error on the area of the pin is computed by means of error propagation of the diameter of
the pin according to

σAp = Ap ∗
√(σd

d

)2
∗ 2 (51)

where d is the diameter of the pin and σd is the standard deviation of the diameter of the pin.
The standard deviation of the diameter of the pin was calculated using

σd =

√∑N
i=1 |di − µd|2

N
(52)

which is similar to Equation 50. The mean diameter of the pin was obtained by three micro-
scopical images, as further explained in Appendix C.2. The error on the area of the filament is
calculated using

σAf
= Af ∗

√(σD
D

)2
∗ 2 (53)

where D is the diameter of the filament and σD is the error of the diameter of the filament.
These values are taken from the data sheets of the corresponding material. The error of the
flow is the standard deviation of the different flows in repeating tests according to

σfl =

√∑N
i=1 |fli − µfl|2

N
. (54)

C.2 Microscope

Prior to testing, the modified nozzle and the pin were placed under a Leica DVM6 Digital
Microscope. The diameters of the pin, the guidance tube and the nozzle die were measured
using the microscope. Additionally, the equipment was checked for damage and inconsistencies.
This paragraph shows some example images of one combination of nozzle and pin. Figure 76
shows a closeup image of the front of the pin. The Leica software allows for the detection of
the diameter by manually drawing a circle within the image.
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Figure 76: Example image of the frontal area of the pin. A circle has been drawn to capture the diameter using
the software provided by the digital microscope.

For each different pin, three different images of the frontal surface have been taken. The
average diameter of the three images was used to calculate the frontal area and the pressure
inside the nozzle. The error of the three images was propagated, as explained in Appendix C.1.
Additionally, the average value was used in the friction calculation, as explained in Appendix
C.3. The diameter of the tube is also used for the friction force calculation. Similarly, three
values from three images were averaged. Figure 77 shows an example.

Figure 77: Example image of the opening of the guidance tube. A circle has been drawn to capture the diameter
using the software provided by the digital microscope.

For the theoretical pressure calculations, the nozzle die diameter is used. The diameter was also
found by averaging the diameter of three images. An example is shown in Figure 78.
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Figure 78: Example image of the nozzle die. A circle has been drawn to capture the diameter using the software
provided by the digital microscope.

Another image was also taken from the nozzle die, but then seen from the top. This was done
to see possible inconsistencies such as scratch marks. Figure 79 shows an example. None of the
modified nozzles showed inconsistencies so severe that they would be rejected.

Figure 79: Example image of the nozzle die as seen from above. This image shows no scratch marks or other
damage.

The alignment of the guidance tube that was press-fit into the nozzle was also checked using
the microscope. Figure 80 shown an example. Generally, the alignment was very accurate.
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Figure 80: Example image of the alignment of the guidance tube that was press-fit into the nozzle.

C.3 Leakage

Figure 81: Melt in between the pin and guidance tube can have an effect on the measurements. The melt can
drag the pin out increasing the measurements, or it can cause friction which decreases the measurements.

The flow of melt leaking out can drag the pin outwards resulting in higher force measurements.
However, the flow of melt was low. Figure 82 shows the leakage recorded after 6.5 hours of
extrusion. An approximation of the leakage based on this image results in a volumetric leakage
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of ± 1 mm3. As a comparison, when extruding at an average speed of 4 mm3/s for 6.5 hours,
a total volume of 93,600 mm3 is extruded. The flow of melt leaking out is 0.001%. Therefore,
the drag force is considered negligible.

Figure 82: Leakage between guidance tube and pin. This image was taken after 6.5 hours of extrusion.

The polymer can also decrease the measurements due to friction. The friction force is approxi-
mated using the following equations:

Ffr = σ ∗AL (55a)

σ = G′ ∗ ϵ (55b)

ϵ =
w

h
(55c)

where Ffr is the friction force, σ is the stress within the leaking polymer, AL is the lateral area
of the pin inside the tube, G′ is the elastic modulus of the leaking polymer, ϵ is the strain of
the leaking polymer, w is the horizontal displacement of the pin and h is the distance between
the pin and the guidance tube. The horizontal displacement w depends on the pressure and
is taken from the load cell calibrations values, see Appendix A.3. The distance between the
guidance tube and the pin h has been calculated according to

h =
Dh − dh

2
(56)

where Dh is the hot (temperature at extrusion) inner diameter of the guidance tube and dh is
the hot diameter of the pin. Thermal expansion has been accounted for by using

Dh = Dc ∗ (1 + ∆T ∗ αT ) (57)

and

dh = dc ∗ (1 + ∆T ∗ αT ) (58)

where Dc and dc are the cold (room temperature, 20 °C) diameters of the guidance tube and pin,
respectively. These values are different for each nozzle and pin, and have been obtained with
the help of microscopical imaging, see Appendix C.2. ∆T is the temperature difference between
room temperature (at which the microscope images have been taken) and the temperature that
the thermocouple recorded during extrusion, see Figure 83. The thermal expansion coefficient
αT is the same for the pin and the guidance tube because they are made from the same material;
CuZn39Pb3. Its value is 0.0000214 K−1.
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Figure 83: Image of the nozzle, guidance tube, pin and thermocouple during extrusion. The white blob on the
guidance tube is thermal conducting glue that covers the thermocouple.

The value from the thermocouple has been assumed to be the same temperature as the melt
within the guidance tube, the guidance tube and the pin. The elastic modulus (G′) for PLA
depends on the temperature and on the shear strain of the melt. Figure 84 shows a graph of
the elastic modulus versus strain at a temperature of 160 °C. The black curve is for PLA. On
the x-axis, the strain is defined as the slope between w and h in percentage; if w = h, the
slope is 100%. Data of the elastic modulus versus strain for the exact polymer in this study is
not available. There are only a few graphs available in literature and elastic modulii can vary
slightly between different PLA blends. Additionally, this graph is at a melt temperature of 160
°C, whereas the lowest measured temperature in the experiments with PLA was 167 °C, ranging
up to 185 °C. As stated before, the guidance tube temperature is at its lowest at the point at
which it is measured. Lower temperatures of the melt increase the elastic modulus. Therefore,
the calculated friction forces based on this graph are higher than in reality, to determine the
worst case scenario.
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Figure 84: Elastic modulus versus strain. The black curve (C0A100) is for PLA. Image from [37]

In other words, the friction forces calculated with this theory are an approximation of the real
friction forces, to determine their order of magnitude. Based on these calculations, the friction
forces lie between 0% and 5%. With most flow and temperature combinations the friction forces
are approximately 2%. Because the friction forces are variable estimations that are mostly in
the order of magnitude of 2%, their influence has been neglected. Moreover, in practice, the
nozzle force returned to zero after every experiment. Because the friction would also work in
opposite direction when the pin moves inward again, this confirms that friction forces play a
minor role.
An example calculation is given below, it is from a type 2 nozzle, with a temperature of 205 °C
and a flow of 3 mm3/s. The microscopic values for Dc are 1008.94 µm, 1007.09 µm and 1006.02
µm resulting in an average of 1007 µm. The microscopic values for dc are 978.87 µm, 980.54
µm and 979.66 µm resulting in an average of 980 µm. The average recorded temperature at
the end of the guidance tube is 176.5 °C, which means that ∆T is 156.5 °C. Equations 56, 57
and 58 give h = 13.5 mm. With an average nozzle force of 1.7 N, the horizontal displacement
is approximately 15 µm resulting in a strain of 111%. Reading from the graph yields an elastic
modulus of about 1000 Pa. With a lateral area of 2.47 ∗ 10−5 m (the pin sticks 8 mm into
the guidance tube), Equations 55 results in a friction force of 0.27 N, which is approximately
1.6% of the nozzle force. As stated before, the estimation of the elastic modulus assumes a melt
temperature of 160 °C throughout the entire guidance tube. In reality, the temperature in the
guidance tube is a gradient between 176 °C and 205 °C, which would result in a much lower
elastic modulus, and therefore a much lower friction force.
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D Subsequent Research

D.1 Comparison to enhanced theory

The theoretical pressure calculations used in this study are relatively simple. Due to the limited
time of the project and the resources available, it was chosen to use this theory over more
complex theory. Nonetheless, keeping in mind the simplifications and assumptions of the used
theory, the experimental is in line with the theory. It would be very interesting to compare
the experimental data with more advanced theory. For example models that include more
phenomena such as elastic behaviour, temperature non-uniformity, backflow of the melt and
more accurate viscosity models. It would be interesting to see the similarities and deviations
between the experimental data from this study and the theoretical pressure from more advanced
models to shine light on the impact of other phenomena on the pressure drop in the nozzle of
a fused filament fabrication 3D printer.

D.2 Dynamic measurements

All the experiments performed in this study are steady-state experiments. Even in steady-state,
the pressure is fluctuating. According to Serdeczny et al. [18], that is because the backflow
functions as a heat conductor between the nozzle wall and the solid filament which increases
the heat transfer rate. As a result, the temperature increases, the viscosity decreases and the
pressure drops. The pressure drop causes the backflow to sink. Therefore, the heat transfer
rate reduces, the temperature reduces and the viscosity of the melt increases. Consequently, the
pressure increases, resulting in a higher backflow which causes the cycle to repeat itself. This
study omits this effect by taking the average pressure over a range of ten minutes. However, it
would be interesting to do more experiments on this dynamic behaviour. Moreover, it would
be interesting to test dynamic states by varying temperature and feed rates during extrusion.
This could give more insights into the settling time of the polymers, the temperature influence
and the history dependence of pressure. Furthermore, this experimental set-up could be used
to supplement dynamic-state theoretical models.

D.3 Printing

This study tests a nozzle that extrudes in open air. There is no print head movement and there
is no back pressure from the print bed. These could influence the pressure within the nozzle
and it would be interesting to test this design in an actual printer. The design proposed in this
study is suitable to be implemented in the print head of an Ultimaker S5. The modified nozzle
and pin fit in a standard print core (see Figure 85). A print core is basically a cartridge that
can be easily swapped in Ultimaker printers.
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Figure 85: Modified nozzle inside a standard Ultimaker print core.

The print head of an Ultimaker S5 consists of two slots for print cores. This design uses the
space of the second slot to fit the load cell using a customised mounting bracket. The mounting
bracket, illustrated in blue in Figure 86, should be made of a stiff material.

Figure 86: Sketch of dynamic printing set-up.

The same data logging module that was used in this study cannot be re-used in in-line printing,
because the printer firmware/software is not compatible; a new module has to be designed.
However, a simple proof-of-concept implementation has been made. The load cell was connected
to an Arduino to see force fluctuations when extruding at different flows. A closeup of this test
is shown in Figure 87.
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Figure 87: Proof-of-concept test inside the print head of a printer.

The force readings increased at higher flows and returned to zero after resetting the flow to
zero. An elaborate investigation is necessary to see if this set-up will work, but the initial test
is promising. For example, the influence of print head movement was not investigated, which is
crucial when testing in a printer. Alternatively, a printer that has a moveable print bed rather
than a moveable print head can be used.

D.4 Extrudate

Ultimately, to improve print quality, the extrusion flow (flow that comes out the nozzle) has
to be controlled in a better way. Currently, there is no defined relation between the pressure
inside the nozzle and the amount of polymer that is extruded. It is clear that the pressure is
important, as well as the temperature [24]. However, a clear quantification has not been made
yet. The relation between pressure and extrusion flow will be dependent on, but not limited to,
the temperature, material, back pressure of previous layers, print speed and nozzle type. It is
necessary to investigate this further to implement extrusion control.
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E Graphs

E.1 Viscosity curves

As explained in Appendix B.1, the set point to find the slope of the non-Newtonian region was
manually picked. In the following graphs, the set point has been included as a dashed black
line.

Figure 88: Viscosity curve of PLA at 200 °C.

Figure 89: Viscosity curve of PETG at 240 °C.
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Figure 90: Viscosity curve of PC at 260 °C.

Figure 91: Viscosity curve of Nylon at 263 °C.
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E.2 Pressure graphs

E.2.1 Nozzle type 1

(a) Extrusion pressure. (b) Nozzle pressure.

Figure 92: Nozzle type 1, PLA.

Figure 93: Extrusion force versus nozzle force. Nozzle type 1, PLA.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 94: Nozzle type 1, PLA.

Figure 95: Extrusion force versus nozzle force. Nozzle type 1, PLA.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 96: Nozzle type 1, PLA.

Figure 97: Extrusion force versus nozzle force. Nozzle type 1, PLA.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 98: Nozzle type 1, PETG.

Figure 99: Extrusion force versus nozzle force. Nozzle type 1, PETG.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 100: Nozzle type 1, PC.

Figure 101: Extrusion force versus nozzle force. Nozzle type 1, PC.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 102: Nozzle type 1, Nylon.

Figure 103: Extrusion force versus nozzle force. Nozzle type 1, Nylon.
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E.2.2 Nozzle type 2

(a) Extrusion pressure. (b) Nozzle pressure.

Figure 104: Nozzle type 2, PLA.

Figure 105: Extrusion force versus nozzle force. Nozzle type 2, PLA.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 106: Nozzle type 2, PLA.

Figure 107: Extrusion force versus nozzle force. Nozzle type 2, PLA.
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E.2.3 Nozzle type 3

(a) Extrusion pressure. (b) Nozzle pressure.

Figure 108: Nozzle type 3, PLA.

Figure 109: Extrusion force versus nozzle force. Nozzle type 3, PLA.
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(a) Extrusion pressure. (b) Nozzle pressure.

Figure 110: Nozzle type 3, PLA.

Figure 111: Extrusion force versus nozzle force. Nozzle type 3, PLA.
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F Example code

Figure 112: Example code for performing an experiment and saving the data, part 1. See next page...
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Figure 113: Example code for performing an experiment and saving the data, part 2.
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Figure 114: Example code for plotting a pressure graph, part 1. See next page...
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Figure 115: Example code for plotting a pressure graph, part 2.
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