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Abstract

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

machines.

Material extrusion additive manufacturing, experimental measurements, extrusion force, polymer flow

1. Introduction

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

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

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

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

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

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

2. Experimental setup

2.1. Filament feeding force measurements

Figure 1 presents the experimental setup used in this study to
measure the filament feeding force. The extrusion has been
isolated from the deposition by keeping the nozzle away from
the substrate. The setup was equipped with (1) a BondTech QR
extruder that differs from many extruders by having two gear
wheels to drive the filament, providing twice as much area to
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apply the feeding force; (2) an E3D v6 hot-end with a nozzle
diameter of D = 0.4 mm; (3) a RAMPS v1.4 3D printer controller;
(4) a 20 kg load cell with a HX711 interface; (5) an Arduino Mega
controller board as a data acquisition device; (6) a 12 V power
supply; (7) PLA filament with a diameter Df = 1.75 mm. Both the
RAMPS v1.4 (3) and the Arduino (5) were connected to a PC via
USB. The extruder (1), and the hot-end (2) were controlled using
Marlin firmware [10] and Pronterface [11], which allows online
command of the 3D printer. The measurement data were
acquired using Matlab. The load cell and liquefier temperature
readings were recorded with an average frequency of 10 Hz. In
order to reduce any noised present in the signal, a moving
average over last five readings was used during the
measurement.

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

As previously mentioned, the feeding force is related to the
pressure inside the liquefier. The molten polymer is pushed by
the solid filament, which generates the feeding pressure P as
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where F is the filament feeding force, A is the filament cross-
sectional area, and Dy is the filament diameter.

Each experiment consisted of extruding the material for 60 s
at a fixed feeding rate and extrusion temperature Ts. The first 30
s of each measurement were disregarded as they contained
transient adjustment of the flow. The average and standard
deviation of the feeding force and the liquefier temperature
where calculated from the last 30 s of the experiments.
Moreover, for each tested printing condition, the
measurements were repeated three times and the average F
and standard deviation of the force ¢ (F) were calculated from
those three trials. Additionally, the average of the standard
deviations o(F) with respect to time were calculated,
representing variations of the feeding force in time within a
single measurement. The same was done for the calculated
pressure. The feeding rate V was varied from 0.66 mm/s (40
mm/min) with increments of 0.33 mm/s (20 mm/min) until the
required feeding force was so large that the driving wheels
started to grind the filament.

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

2.2. Extrudate swell measurements

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

3. Results and discussions

Figure 2 presents measurements of the feeding force,
feeding pressure (top), and the liquefier temperature (bottom)
during the extrusion, at different filament feeding rates F and
the extrusion set-point temperature T, = 200 °C. For each
printing condition, one of the three conducted measurements is
shown, however the presented analysis is true for all three
repetitions. Figure 3 presents selected photographs of the
extruded material at chosen feeding rates and set-point
temperatures. In Figure 2, we can see that the feeding force is
relatively constant for low filament feeding rates. When the
feeding rate is increased, small oscillations of the force are
visible, however no significant periodic changes in the
temperature or the diameter of the extruded strand were
observed (see Figure 3; left). These force (and pressure)
oscillations in time are quantified by the means of the standard
deviations (o(F) and o (P)), and are reported in Table 1. It is
observed that, when changing the filament feeding rate from V
= 1.7 mm/s to V = 3 mm/s, the standard deviation of the
measured force increases twofold, while when increasing from
V =3 mm/s to V = 4.3 mm/s, the standard deviation increases
over 10 times, which is due to the observed force oscillations.
Further increase of the feeding rate caused failure in the
material extrusion, when the required feeding force exceeded
the filament material strength. For that case, the time trace of
the feeding force was shown with a dashed line in Figure 2. The
extrusion failed at a feeding force of around 150 N (60 MPa),
which is around twice as high as reported in [7], however it is
noted that the extruder used in the present study has gear
wheels on both sides of the filament providing around twice as
much of contact area to apply the force. By looking at Table 1, it
can be seen that during the normal operation in material
extrusion AM, the feeding force will be in the range from 5 N to
15 N, while corresponding pressure between 1 MPa and 6 MPa,
However at high feeding rates the pressure can reach values as
high as 30 MPa.

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




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

Feeding Flow Set-point . . Liquefier Swell
Rate Rate temperature Feeding Force Feeding Pressure temperature ratio
Nol v Q T, F |o®) |a®) | P |oP) |a®) | T |o@ |a@ | S,
mm/s mm3/s °C N N MPa | MPa | MPa °C °C °C -
1 1.7 4.0 200 7.5 0.4 0.1 3.1 0.15 0.06 | 200 0.1 0.5 1.2
2 3.0 7.2 200 13.6 0.4 0.2 5.7 0.15 0.10 | 200 0.1 0.5 14
3 4.3 104 200 67.7 1.2 2.6 28.2 | 0.51 1.08 | 200 0.1 0.5 2.7
4 5.0 12.0 200 49.1 n/a 37.9 | 204 n/a 15.7 | 200 n/a 0.5 n/a
5 1.7 4.0 250 2.5 0.1 0.2 1.1 0.03 0.08 | 250 0.1 1.3 1.0
6 3.0 7.2 250 4.7 0.2 0.2 1.9 0.08 0.07 | 250 1.5 1.3 1.1
7 4.3 104 250 9.1 0.4 0.2 3.8 0.19 0.09 | 249 0.2 1.3 1.6
8 5.0 12.0 250 16.4 0.3 0.9 6.8 0.13 0.36 | 249 0.1 1.1 1.6
9 6.7 16.0 250 81.0 1.8 6.4 33.7 | 0.75 2.65 | 249 0.1 1.2 3.2
10 7.7 18.4 250 76.2 n/a 33.7 | 317 n/a 14.0 | 249 n/a 1.4 n/a
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Figure 2. Measurement of the feeding force (top) and liquefier
temperature (bottom) for different filament feeding rates and extrusion
temperature 200 °C. The force measurement when feeding mechanics
failed by grinding the filament is shown with dashed line.
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Figure 3. Appearance of the extruded strand at different filament
feeding rates and temperatures

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

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




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

—V =4.3 mm/s (260 mm/min), TS =200 °C
V =5.0 mm/s (300 mm/min), TS =250 °C
—V =6.7 mm/s (400 mm/min), TS =250°C

80—

2]
o

N
o

Power spectral density [N2/Hz]
Feeding Force
N
o

0.5 1 1.5 2
Frequency [Hz]

o

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

4. Conclusions

We designed an experimental setup to measure the filament
feeding force in material extrusion additive manufacturing. It
was shown that the force starts to oscillate at high filament
feeding rates, which may be caused by the fluctuations in the
length of the melt zone inside the liquefier or periodic
viscoelastic phenomena of the molten polymer, as we also
observed fluctuations in the extrudate swelling. These
fluctuations of the extrudate swelling could negatively influence
the geometrical quality of the manufactured component. More
importantly, understanding the dynamics of the polymer flow
inside the liquefier is essential for the development of reliable
control methods of material extrusion AM. Therefore, further
work is required to understand completely the physical
phenomena behind this process. Additionally, with increasing
building rates in material extrusion AM, design of new machines
will need to account for the investigated effects.
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