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summary

Additive manufacturing using fused deposition modelling has come a long way in the recent years, with
industry beginning to adopt it as a manufacturing technique [8]. The use of filaments as a feedstock
to selectively place material exactly where it is necessary has enabled a greater freedom in design
for more complicated parts to be manufactured. This further includes using new materials such as
liquid crystal polymers, which can be selectively anisotropic, providing greatly improved properties in a
controllable direction [10]. This composite-like capability is further improved by being a single material
recyclable material, where the actual properties can be tuned and varied during the process [13], and
the radius of curvature is much lower compared to conventional composites. These capabilities are still
being developed, with the production reliability being poor as both the understanding of the material
response to processing and the control of the process parameters are thus far not yet fully understood
and controlled [6][16]. This work has combined sensors for process monitoring while the process is
ongoing and evaluated those sensors for future process monitoring with the aim of corrective measures.
In doing so, it was demonstrated that there is a much greater need for non-intrusive sensors, that do
not affect the process. Furthermore, although the fusion of sensor data was achieved by combining the
sensor data based on toolhead position, the method by which the toolhead position was found proved
to have a lot of drawbacks. This has shown the need to improve position measurement techniques,
as well as adding data transfer connections from the printer to a separate system that effectuates the
data processing and could eventually act upon the gathered information. As part of the sensor suite,
the output geometry was measured to obtain the transition time of the output geometry of the process
between set line-widths, and demonstrated how this transition is affected by the process parameters
that would be controlled based on sensor readings. It was previously understood that the degree
of alignment, cooling time and the linewidth dictated the anisotropy, and that the change in material
extrusion was dependent on the pressure in the nozzle. This work has demonstrated that the linewidth
will also change as a result of the cooling process warping the deposited geometry, which significantly
affects the measured linewidth and lineheight. Further unexpected changes in the transition delay were
discovered, which could not be explained by pressure alone. These could be explained by turbulent
flow in the nozzle, contradicting previous expectations that flow in the nozzle is linear, that may occur
in the nozzle at lower viscosities affecting the rate at which transitions can occur between flow states.
This would mean the output geometry is affected in a more convoluted manner by the viscosity of
the melt in the nozzle, as well as the nozzle geometry. These discoveries, although not allowing for
definite conclusions to be drawn as to the underlying processes, have served as an example of how
in-situ monitoring can improve both the understanding of the process as it is occurring, and the need
for adaptive control. Separating the effects of this turbulence and the other nozzle parameters could
lead to improved final properties, combined with more consistent results, enabling the use of liquid
crystal polymers for parts that require stiff lightweight structures. The combination of these properties
with the wide operating temperature and relative inertness of the material would make this material and
manufacturing system very attractive for future aerospace structures [13].
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Introduction

1.1. Extrusion based manufacturing

Fused deposition modelling (FDM) as a process is relatively young, but has benefited from a major
surge in popularity in the maker world starting with the open-source [2] reprap movement [15], which
popularised the technology and made it more accessible, while also developing major improvements
and standardizations that made FDM more reliable as a technology. This was however done with
the technology available at the time, which consisted of arduino shields powered by the 8-bit micro-
controllers of the arduino mega. As a result, despite improvements in speed and quality achieved by
improved stepper drivers and firmware, the majority of printers still operate in an open loop manner,
relying on stepper motors to accurately position the placement of material. The process of depositing
material via the extruder has another open loop stepper, with PID controlled heaters on the nozzle and
bed being some of the only closed loops in the average FDM machine. This open loop heritage has led
to improvements focusing on controlling the inputs, such as ensuring the filament diameter is consis-
tent and painstakingly keeping the filament moisture content as low as possible. Improved quality and
tolerances are achieved by manually tuning parameters for each different type of filament, or in some
cases even colour of filament as the additives affect the properties. In industry, where there is a greater
interest in precise tolerancing, high volume production and reduced costs, the strategy for FDM has
become extruding oversized parts using pellet extruders, and then swapping the toolhead from a FDM
extruder to a mill to remove all excess material. This process comes at the cost of reduced possible
complexity of parts, and increased waste of materials.

1.2. The need for in-situ monitoring

To maintain the advantages of FDM, and resolve the outstanding issues of tolerances and part qual-
ity, one of the most promising solutions is to use what is commonly referred to as in-situ monitoring.
In-situ monitoring means monitoring of the part, process or machine using sensors while the part is
being printed. This is in contrast to ex-situ monitoring, which is used to denote inspection of the part
after it has been manufactured. Others have at times defined in-situ monitoring as strictly monitoring
the part being printed, however in the context of this work we will be referring to it in its broader defini-
tion which includes the machine and even the inputs to the machine which are a part of the process.
Manufacturing a part using FDM lends itself to in-situ monitoring as the part is built up in layers, which
therefore means that a sensor with limited depth observation capabilities can still monitor the full depth
of a final part, by simply combining multiple readings to build a three-dimensional database of infor-
mation based off of two-dimensional readings. This is particularly key for the complex and potentially
large parts that can be printed using this process, that might otherwise be very difficult to inspect, and
therefore certify. Furthermore, by the very nature of the process, it is possible to obtain the data on any
deviations from the nominal while they are occurring, allowing for corrective action to be taken during
production. These potential benefits are the reason for a lot of effort in recent years towards developing
these capabilities.
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1.3. The state of in-situ monitoring in Additive Manufacturing

A number of works have focused on detecting errors in the machine, such as the use of acoustic
emissions sensors by Wu et. al.[19] to detect filament runout and nozzle clogs. Many of these are
aimed at detection with the aim of human intervention if a fault is detected. Other promising techniques
include the work of Greeff et. al.[12], who used a camera to detect the actual flament speed exiting
the extruder towards the nozzle. This could be used as in input parameter to tune the flow rate. This is
where a distinction needs can be made between the capabilities of in-situ monitoring techniques; those
that can be used to detect failure post occurrence, those that can predict an incoming failure, and those
that by their nature can be used to tune the parameters and prevent failure. An example of a technique
that is capable of tuning parameters and preventing failure is the work by Pattinson et. al. [6] [5]. Using
an optical imaging camera mounted close to the nozzle, they demonstrated the ability to detect issues
such as underextrusion and warping, and were generally able to either output new parameters with
which the print would succeed upon being restarted, or change parameters on the fly to improve the
output and prevent further issues. These impressive results were obtained in the crucial early layers of
a print where the contrast between deposited material and the printbed is high, but others are actively
working towards improving the image recognition by utilising digital twins [16], such that it would also
work at later stages in the print. This could also open a new capability of in-situ monitoring that has
so far rarely been touched upon; that of correcting a print after a detected problem has occurred, by
detecting what damage the problem has caused, and how it can be rectified, thus "repairing” a failure.
Such a feat would require the failure detection previously mentioned, but also failure mapping, and
then a means of generating a correcting method. The choice of sensors presented in these works are
however often geared towards detecting a limited set of problems, which is why multiple sensors would
need to be utilised together. This work will try to combine the data from multiple sensors to work to-
wards this goal, utilising in-situ monitoring to improve our understanding of and ability to print a material
which is of particular interest for solving the previously mentioned issues.

Figure 1.1: A visual represention of the nematic regions of LCP as they pass through the nozzle and are aligned during the
extrusion process.[10]

1.4. Liquid Crystal Polymers as a material for fused deposition mod-
elling

Liquid crystal polymers (LCP) are a commonly used in display technologies, but have recently be-
gun to receive more attention for their mechanical properties. These polymers consist of stiff rods that
form regions where the rods tend on average towards a particular alignment [10][9]. The “crystal” refers
to these regions, which are free to move and reorient themselves above a certain temperature, but can
be fixed in place when cooled. By extruding the material above the melt temperature, these regions
can be given a greater degree of alignment, which causes the bulk material to get a high degree of
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anisotropy, which significantly improves the properties of the material in the direction of alignment, as
illustrated in figure 1.1. This enables this material behave similar to a fibre-matrix composite, with the
high specific strength and anisotropy commonly associated with those materials, while being made of
a single material. It is also uncommonly unreactive for a polymer, which, combined with the low hydro-
gen porosity, makes it an ideal candidate for example, for making hydrogen tanks, a key technological
hurdle in the energy transition [1][17][3]. When additively manufactured, the shear applied to the mate-
rial in the nozzle aligns the regions, and allows complicated parts such as hydrogen tanks to be made
with a much smaller radius of curvature compared to conventional fibre-matrix composites, and at the
end of the parts service life, it can be recycled into new filament to be printed again. These are very
compelling reasons for the development of its use as an additively manufactured material, however it
still requires some development to be used in this manner.

1.5. The requirements of printing liquid crystal polymers

The material, when extruded, is unlike other more commonly printer materials. The outer edge of
the material, once deposited, cools the fastest, and keeps most if not all the alignment it was given
within the nozzle. This is beneficial for the properties, however it is detrimental to the layer adhesion
of the material. The highly aligned regions will not easily mix with and therefore bond to another highly
aligned regions deposited on it, as the stiff rods do not rapidly lose their alignment and mix in the same
manner as polymer chains do when a more standard thermoplastic polymer will when two pieces are
joined at sufficiently high interfacial temperatures to produce a relatively homogeneous mass. This be-
haviour is in stark contrast to the core of the deposted material, which stays above its melt temperature
long enough to lose the alignment gained in the nozzle, and hence become less anisotropic, forming a
core-shell structure of a highly anisotropic outer layer that will not easily bond to other deposited mate-
rial, and a weaker more isotropic internal core. Ideally, this would be reversed, with a highly anisotropic
core, surrounded by a more isotropic outer shell ready to bond to any other material deposited alongside
it. To improve the bonding, a high enough temperature to allow the stiff rods to interlock and enough
contact pressure to encourage motion of the stiff rods is required, ideally without heating the entire
outer shell above the melting point and losing the anisotropy and the associated beneficial properties.
Therefore, it is imperative that the deposited lines are stacked closely and pressed together during the
print process to obtain the best conditions for the bonding of two lines, while controlling the parameters
to maintain a high degree of anisotropy in the majority of the printed part.

1.6. State of the art of liquid crystal polymer printing

The parameters that govern this anisotropy were investigated by Houriet et. al.[13]. In this work, it
was discovered that reducing the nozzle diameter to a very small diameter, along with printing at a sub-
diameter line width was critical to obtained the higher Young’s modulus and ultimate tensile strengths
of the material. This would also create the greatest amount of inter-layer area within a given sized part,
meaning that the layer adhesion issue becomes far more prevalent, and the material is more likely
to delaminate, and for cracks to propagate along these boundaries between lines and layers. To this
end, their work also explored how to use the example of trees to tailor the properties of the local ma-
terial to stop crack propagation, and distribute loads at critical junctions to avoid stress concentrations.
This ground-breaking research found that by utilising the link between the linewidth and the degree of
anisotropy, it was possible to tailor the material properties locally for optimum load distribution within
the final part. This does however require actively controlling and changing the linewidth, in a manner
that does not leave voids or gaps between lines and maintains as high an interlaminar bond as possible,
all the while making complex motion patterns to achieve the geometry recommended by their work in
wood-inspired topology optimisation. The goal of this work will be to try to leverage combining in-situ
monitoring sensors, and with the help of ex-situ sensors, attempt to gain a greater understanding of the
parameters that define the linewidth, and generate a database of in-situ collected data, verified using
ex-situ sensors, that could be used to create a control loop to actively monitor the linewidth and predict
the parameter changes required to obtain the desired linewidth and linewidth changes required.
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1.7. Research Questions

The primary aim of this work is to combine data from sensors mounted on the printer itself and
standalone sensors, to evaluate how it works, the problems that may arise, and how best to approach
it. Hence, the primary research questions is;
What are the current limitations preventing the use of multiple sensors for direct real time monitoring of
the printing process?
In order to further demonstrate the usefulness of in-situ monitoring, this work will vary the linewidth
during a print to try and characterise the transition between the two linewidths. This is done with different
print parameters to see how they affect this transition and to lay a foundation for what parameters can
be changed to achieve a specific result;
What is the effect of print parameters on the extrusion geometry on a time basis?



Experimental Setup & Methodology

2.1. Prusa Mk3S/+

A Prusa Mk3S/+ model of 3D printer was chosen for the experiments. This model of printer is well
suited for the task as the hardware and firmware are both open source, making it fairly easy to modify
when required. It uses the colloquially termed "bed slinger” motion system means that the extruder and
nozzle assembly only move in the X-Z plane, and are easily accessible for modifications and obser-
vation, and leave a lot of space in the Y direction for modifications. This ability to make modifications
was crucial for the experiments. In order to enable it to print at the temperatures required for LCP,
the thermistor was replaced by a PT1000 thermistor, and the firmware was adjusted accordingly. To
ensure the structure mounting the extruder was capable of resisting the temperatures, it was reprinted
out of polycarbonate.

Sensor
electronics box
and Raspberry Pi

- / : Thermocouple
Modified 3 = ‘ to evaluate
firmware to : ‘ Ay Rheometer
export data from S\ e strain gauge

existing sensors i ) 1 temperature
and gcode > :

Rheometer

Nozzle camera
for extrusion
monitoring > Coated bed for
opaque surface

Figure 2.1: An overview of a Prusa Mk3S/+ printer showing

In order to try and sync the datapoints across the in-situ and ex-situ measurements, it was critical
to have position data for the in-situ monitoring sensors. As the printer does not have this information
by default, and therefore cannot communicate it, an alternative system had to be devised. This took
shape in the form of using the G-code M118 command, which serial prints a command. Receiving
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these serial commands was Octoprint. Octoprint was installed on a raspberry Pi 3B+, which was used
as both an interface for the Prusa, and a data gathering tool. It is was also used as a controller for the
lighting of the optical setup, by using the general purpose input/output (GPIO) pins of the Raspberry
Pi. Octoprint is able to store G-code files, and start and stop prints, communicating directly with the
firmware of the Prusa. It does this by hosting a local web interface, as well as having an Application
Programming Interface (API). This API allowed a laptop running a python script to receive data from
the Prusa firmware, which itself was pre-programmed M118 G-code commands. Octoprint acts as a
relay, drip feeding it G-code from its own internal storage, and transmitting serial communication to via
the API to the python script gathering all the data. The raspberry Pi was mounted in a grey box, as
seen in the top left of figure 2.1.

The M118 g-code command is a standard command to print text to serial, which in this case was
preprogramemd to send the position according to the g-code of the printhead at that time via g-code.
This position would be timestamped and matched with the sensor data. This serial print was transferred
to the Octoprint API from where it was accessed and recorded. To ensure this timestamp was accurate,
the firmware of the printer was modified to process the M118 command sequentially, as opposed to it
being processed as soon as it entered the buffer of the printer. This meant that the printer would be at
the location of the previously defined target position which was reported in the M118 command.

2.2. Rheometer

One of the primary sensors used in this work was a rheometer, based on the work by Coogan
et. al.[4]. It consisted of a thermocouple temperature probe, mounted at the tip of a pushrod, which
entered the nozzle through a slipfit hole. This would allow the pressure inside the nozzle of the melt to
be transferred by the rod onto a strain gauge assembly at the opposite end. This combination of the
temperature and pressure of the melt inside the nozzle was used by coogan to calculate the rheological
conditions inside the nozzle.

Mé6 thread

6-32 thread
Figure 2.2: External view of the nozzle showing the hole for the pushrod

For use on our printer, the nozzle was slightly modified, such as using metric standard bolts, and
changing to a nozzle designed for 1.75mm diameter filament as is standard on the type of printer in use.
Furthermore, a more common 0.4mm nozzle diameter was used, as it better represented the standard
nozzle size in use by this type of printer. To ensure the strain gauge would not catch on the bed, a
small piece of teflon sheet was mounted to the bottom of the strain gauge to enable it to slide.
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Figure 2.3: Internal view of the nozzle showing the pushrod and the thermocouple

6-32 screw

Load transfer

10 Ib. load column

cell ¥~M3 screw

Figure 2.4: Assembled view of the rheometer

Due to the sensitivity of the strain gauge analog signal to electromagnetic interference (EMI), the
wires were wrapped in aluminium foil, and this foil was in turn grounded to the same ground as the
analog-to-digital converter (ADC). This reduced the effect of EMI on the readings, and resulted in an
appreciable decrease in noise in the pressure data.

2.3. Imaging Camera

To be able to observe the material coming out of the nozzle, and generate a database of extrusion
images that could be matches to sensor readings and print parameters, a camera was mounted on the
extruder pointed at and focused on the material as it was leaving the nozzle. The camera chosen was
a raspberry Pi HQ camera with a 25mm telephoto lens as seen in figure 2.6. This provided manual
focus and aperture adjustment, specifically on objects that were relatively close to the camera.



2.4. Keyence VR-5000 Microscope 8

Figure 2.5: The view of the nozzle camera, focused on the material leaving the nozzle.

The mount on the extruder enabled it to move with the nozzle, and prevented it from colliding with
the other sensors or having its vision obscured. It also enabled the mounting of a ringlight around the
lens of the nozzle to get a consistent level of lighting on the nozzle and the material being deposited.

Strain gauge and S [ Aluminium
Pushrod ‘&% ¥ shielding forthe Imaging Light
thermocouple i b
wires

Teflon Sheet to
protect strain
gauge

Inductive bed
probe

Strain gauge

Imaging Lens

Figure 2.6: Image of the extruder setup with the rheometer and camera sensors.

2.4. Keyence VR-5000 Microscope

The only ex-situ monitoring sensor was the Keyence VR-5000 Microscope. This is a microscope
that can take full colour images and generate heightmaps, by scanning and stitching together multiple
smaller scan area. This was used as a reliable reference to precisely measure the correct lineheight
and linewidth of the samples being printed. It works using a fixed head and a moving stage that will
automatically move to map out and then scan the areas of interest designated for scanning by the user.
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FKEYENCE

VR serios

Figure 2.7: Image of the Keyence microscope. Note the black moving stage, upon which the printbed was placed to scan the
sample. This microscope was used to scan the sample with 12x magnification, and was able to automatically move the stage
to scan a large area that it would then stitch together into a single image.

Although it is an ex-situ sensor, the in-situ sensors such as the camera were difficult to calibrate,
and the image recognition aspect of any optical in-situ measurement technique would require an exter-
nal sensor to provide the data to train it on. This is the function provided by the keyence microscope,
with the goal of training the model and then confirming the model, such that the in-situ sensors can
actively provide similar information in a real time manner and replace this ex-situ sensor.

To perform the measurements, the spring steel PEI bed of the Prusa would simply be removed from
the Prusa machine and placed on the scanning table of the microscope. The entire area containing the
samples were scanned in two sets of 8 images. The bed would cool well below the 90 degree celsius
printing temperature in the time it took to set up and scan the samples with the microscope, which could
lead to the samples detaching from the bed, so a glue spray was added to the bed to ensure adhesion
for a sufficient amount of time for the bed to be scanned under the microscope.

2.5. Sample Lines

To obtain the desired information, 18 experiments were set up. To ensure the repeatability of results
and have a basis for comparison, each of these experiments followed the exact same print path on the
exact same location on the bed. The geometry consisted of a zig-zag pattern, with 8 lines going one
way, and 8 lines going the other way. One set of those 8 lines were the sample lines, each of which
had a length of 155 mm. If this was a sample with varying linewidth, then 20mm along this line, the
linewidth would suddenly change, for a length of 120mm, before returning back to the initial linewidth.

This zig-zag pattern was printed from right to left on the print bed in the X direction, with the back
and forth motion of the zig-zags occuring in the Y direction, such that the samples lines were printed
in towards the positie Y direction. The sample lines consisted of the lines where the bed was moving
past the nozzle towards the camera, ensuring that the camera had a clear unobstructed view of the
material as it left the nozzle. The nozzle would then continue extruding as it made a sharp corner, and
moved back in the opposite direction, printing at the minimum line width for the full length, such that
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Values in cells: Temperatures (degrees C)
Feedrate (mm/min) | 295 | 310 | 325 | 340

200

360
0.6-1.2 | 200 | 200 540 200

N 720
L'”(en‘;"rf)ths 0.6-0.6 | 200 | 200 | 200 | 200
1.2-1.2 | 200 | 200 | 200 | 200

0.6-0.9 200

0.9-1.2 200

0.9-0.9 200

Table 2.1: An overview of each of the experiments that were carried out and the variables that were changed. The values
inside the cells each represent a feedrate for which an experiment with that temperature and those linewidths were carried out.

the pressure in the nozzle would have the time to return to a steady state. The line would then make a
smooth 180 degree curve towards the start of the sample line again. This is because the right angled
changes caused pressure spikes due to the sudden overlap areas, compared to the minimal and very
gradual overlap of a curve.

Figure 2.8: 3D render of the g-code showing the print path on the bed, with the rounded corners at the start of the sample lines
and the thicker sections where the linewidth changed.

To generate this g-code, a python script called fullcontrol[11] was utilised. This python script simpli-
fied the process of generating g-code compared to manually programming it, while allowing the greater
control over the geometry and the parameters compared to conventional slicers that was required for
the generation of the g-code. A good example of this is the inbuilt rendering feature to visually confirm
the planned path as seen in figure 2.8. It furthermore allowed the g-code to be written as short motion
steps of half a millimetre, separated by the M118 g-code command, which ensured that at any point in
time the location of the nozzle was known to within half a millimetre accuracy. This was a key require-
ment to be able to combine the data from the previously mentioned sensors.

In order to generate the g-code, the python script was programmed to accept as input parameters
the variables, such that all the experiment g-codes could be generated with the exact same parameters
except for those that were deliberately changed. An overview of these parameters is presented in table
2.1. These experiments were chosen such that the effects of specific parameters could be isolated, and
therefore, in theory, the effect of the combination of these parameters could be found by extrapolation.



Data Processing

3.1. Data from the Printer and the Rheometer

The data from the pressure sensor of the rheometer was found to be affected by the temperature,
due to the proximity of the strain gauge to the bed and nozzle. Although it was still within the operat-
ing temperature, it was outside of the compensated temperature. This caused a gradual shift of the
readings over time as the sensor heated up. As a result, a baseline correction had to be applied to
the pressure data which the strain gauge measured. This was done using the scipy [18] and pybase-
lines [7] modules of python. Specifically, by first smoothing the data using a uniform 1D filter, before
using the imodpoly function with a polynomial order of 3 and a standard deviation of 0.7 to generated a
smoothed baseline. The imodpoly function uses the polynomial order and standard deviation to find a
line that minimises the least squares to find a baseline that best represents the baseline of a data set.
This baselines was subtracted from the actual data in order to correct for the strain-gauge-temperature-
induced drift of the pressure values.

The data of each experiment was separated into the individual sample lines. This was done by
separating the data by the X position and storing each the data from line as it went along the Y axis.
The messages from octoprint were limited to a 2 Hz frequency, which is a lower rate than both the sam-
pling frequency of the other sensors, and the rate at which M118 g-code commands were sent. This
meant that all this data matches to an error of approximately half a second. All the data between these
readings was averaged to a single reading to match the octoprint data for the purposes of combining
this data with later data from other sensors, which requires the position data from octoprint. Any future
work which does not require this position data, can still use the generated dataset and the correspond-
ing images, which were captured at a frequency of approximately 12 Hz. Each line was saved in a
separate .csv file, with the corrections applied, to be combined with the microscopy data. This process
is shown in 3.1.

11
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Figure 3.1: High level overview of the steps taken to process the raw data.

3.2. Data from the Keyence VR-5000 Microscope

The data from the Keyence Microscope consisted of images, that first needed to be manipulated
and processed in the Keyence software, before being exported and further processed in Matlab. Due
to the temperature differential of the cooling bed as it was taken off of the printer and moved onto the
microscope base, the printbed tended to warp. Therefore, as seen in figure 3.1, after rotating the image
such that the printed lines appeared perfectly horizontal in the image, the software was used to correct
for the curvature by using the profile of the print bed between the lines to "flatten” the base.

Following this, a heightmap image was generated, in grayscale, where the intensity of the white
pixel was equivalent to a physical height, with the translation values stored for each image. This was
done to every image individually, as each image had a different O point and height spread, hence the
intensity, measured from 0 to 255, would translate to a different height depending on the image. The
Keyence software was used to output 3 images in .png format; two optical images, one of which in-
cluded a scale, and a single grayscale heightmap, which were then used for further processing.

These images were imported into MATLAB [14], with the scale bar being identified and used to
find the location of each pixel in the image in mm, while the optical image was used to generate a
mask that was used to calculate the width of each line. To generate this mask, each image thresh-
old had to be manually calibrated in MATLAB using the MATLAB app Colour Thresholder [14], to
ensure that the slightly translucent white sample lines could be clearly differentiated from the darker
black printbed. This mask was also used to differentiate between the bed and the sample lines in the
grayscale heightmap, such that the height of the bed could be subtracted from the height of the lines,
to find the actual height of each pixel of each line. To find the location of each pixel, the sharp corners
at the end of each line was used, which represented the Y position of 180. The exactly location should
coincide with the centre of the sample line and the line leading out. This could then be used with the
extracted scale to find the location of each pixel along the length of the line.

The script would run from left to right; from the end of the sample line towards the start of the sample
line. Using the mask to differentiate between line and background, each pixel of this slice of the sample
line which contained the sample would have its pixel intensities converted into a corresponding height.
This height would then be averaged for the vertical slice of the sample line, giving the average height
of that cross section of the line. This average height was then used with the linewidth to calculate the
cross-sectional area.
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Figure 3.2: A. Optical image showing the scale bar.
B. Selection of the region of interest of a single sample line of the heightmap.

Each line was separated out by selecting a region of interest, as shown in figure 3.2, where the
code would analyse the line present, and store it. To correctly obtain the data, only one line could be
selected, and each line had to be selected in the correct sequence to be attributed the correct number.
With the understanding of which pixels were part of the line, the pixel to mm scale, and their intensity
value which was converted to a height value, all the data for the analysis was obtained and .csv file
would then be written for each line, containing the data for each line, as well as identifying which line it
was.

3.3. Fusing the Data

The data from the printer and the rheometer are stored with fixed timestamps and images corre-
sponding to each datapoint. However, the data from the microscope does not have any of these. The
only way to combine this data is to do so as a basis of the Y position on the bed, as that is a datapoint
that all the datasets have in common.

3.4. Extracting the Slope

As the goal is to be able to vary the linewidths predictably and continuously, it is necessary to ac-
curately examine the cause of the delay in the changing of the linewidth. To this end, a database of
all the lines was created, with all the sample lines that featured clear visible anomalies being removed
from this database. The data from the rest of the lines was averaged per experiment, to be used for
further processing.

To analyse the response to a change in linewidth, we are primarily interested in the duration of the
delay in the response, in this case the length of the slope of the actual linewidth following the set change.
This length is inherently related to the magnitude of the change in linewidth, and so the gradient of this
slope is also extracted to serve as a comparison basis for experiments where the magnitude differed.
This was done for the cross sectional area data, as well as the linewidth data, as the lineheight was
found to unexpectedly vary.

To calculate the slope gradient and length, the region which comprised the slope was first separated
out. This was done by finding the regions where no change occurred; the plateaus corresponding to
the region where no linewidth change had occured yet, and the region where the linewidth change had
finished and stabilised. The slope consists of the region between the end of the first, and the start of
the second. A simple straight line was plotted on an empirical basis of it seeming to best fit the data,
and the gradient of this line, as well as the length of this transition region as measured in distance along
the sample line was calculated and stored.
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Figure 3.3: Highlighted representation showing the extracted transition delay and gradient.



Results and Discussions

4.1. The Pressure Data

One of the key aims of this sensor setup, beyond combining sensors, was to use the combined data
to learn more about how the print parameters affect the process, and the final output in the form of the
geometry of the output. The combination of this data was successful, with the data from the various
sensors being matched to a specific location on the printbed. However not all sensors gave us the data
we hoped for.

The rate at which material is extruded from the nozzle can be assumed to be at a steady state and
based on the rate at which filament is being fed to the nozzle by the extruder. However, this is only true
when continuously extruding and pushing the same amount of material into the nozzle. As mentioned in
chapter 1, the work by Houriet et.al. [13] has demonstrated that the linewidth is an important parameter
to actively change. This means that the steady state assumption is no longer valid. To then obtain the
desired linewidth, in a controlled variation, we need to look at the pressure in the nozzle. This pressure
is expected to be a good indicator or predictor of the volume of material that is extruded, and hence it
was hoped to be able to combine its data with both the nozzle camera imagery to correctly measure
this in situ, with the microscope data used for validation.

Unfortunately, it seems that the rheometer’s pressure probe did not function as intended. Except for
experiments carried out at the lowest temperature from the experiments, 295 degrees Celsius, and the
experiments carried out at the higher feedrates, such as seen in figure 4.1, the pressure data shows a
mostly flat, constant line. There are a number of potential reasons for these results. To explain these
reasons. we need to first discuss the pressure probe setup and the issues encountered.

15
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Figure 4.1: Example of the data from multiple separate experiments with different temperatures, showing how the pressure
was not always properly recorded at higher temperatures. The spikes in the pressure data is due to an measurement issue
which is further discussed in 6. The recorded pressure data that does not stay at 0 shows a similar increase and decrease as
the the linewidth and lineheight.

4.1.1. Positioning of the strain gauge

During assembly, it was found that the pressure readings were affected by the position of the strain
gauge along the rod. Despite using an M3 bolt, a quarter turn of the nut fixing the position of the strain
gauge relative to the nozzle and pushrod would cause a large change in the recorded pressure. Keep-
ing it too loose would create a gap between the pushrod and the strain gauge, which would adversely
affect the flow due to allowing the pushrod to create a hole in the inner walls of the nozzle, and was
observed to prevent the recording of any readings.

Conversely, applying a degree of pre-tension to the pushrod was seen to enable measurements to
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be recorded. Low pressure measurements however returned a flat line, or flat sections, similar to a low
pass filter. This can be explained by the pressure needing to exceed the pre-tension that was applied
by the location of the strain gauge to be measured. Using minute adjustments, the pre-tension was
adjusted using the nuts fixing the location of the strain gauge. The final position applied the highest
amount of pre-tension that still gave readings and allowed for the lower pressures of the linewidth vari-
ations to be seen.

It must be noted that the tests where the position was adjusted was done at the lower temperature of
295 degrees Celsius. The adjustments were carried out with the material was loaded in the nozzle, and
involved keeping the nozzle at the temperature without extruding for long durations. However at higher
temperatures the material was seen to change over these longer durations. These changes consisted
of the material taking on a darker brown hue, and was accompanied by the material becoming more
more viscous and sticky.

The result of this was that an unknown level of pre-tension was applied to the strain gauge. Unfor-
tunately, it was not possible to precisely measure the pressure inside the nozzle for calibration, so the
pressure readings are not absolute, and the exact pressure is unknown. It was demonstrated however,
that the slope of the voltage of the strain gauge varied consistently linearly with applied load. For this
reason, although the exact value of the pressure could not be calibrated, the change in pressure could
still accurately be measured. This still provides a lot of information from an in-situ monitoring perspec-
tive.

4.1.2. Material Leakage

The pushrod probe hole in the nozzle was found to leak material when printing, which forms a ring
around the pushrod and on the nozzle. This build-up of material would undergo several heating and
cooling cycles when carrying out multiple prints. Therefore, it is suspected that this build-up of material
would increase the friction forces acting against the movement of the pushrod. This would restrict or
at least delay movement of the pushrod, exacerbating the issues previously mentioned, especially if a
gap was left between the pushrod and the strain gauge.

To minimise the effect of the leaking material, prior to every experiment, the accumulated build-up of
material that had leaked past the nozzle was removed. Nevertheless, some material was stuck inside
the probe hole, between the nozzle and the pushrod. This material could not be removed, and would
be pushed out to build up around the pushrod again fairly quickly when printing. This means that the
resulting motion restriction potentially still affected the pressure readings by the end of each experiment.

4.1.3. Validity and Cause of the readings

The experiments where a pressure response was obtained show a similar pattern between the ex-
truded geometry and the pressure data as seen in figure 4.1. The extruded geometry still follows this
pattern even when no pressure response was recorded. From this, we can conclude that the pressure
variation in the nozzle was not correctly measured.

No similar issues were mentioned in the work of Coogan et. al. [4]. However they used a differently
shaped nozzle, designed for "3mm” filament, which is how the 2.85mm filament standard was com-
monly referred to, and they used different materials printed a lower temperatures and higher feedrates.
This meant that their nozzle was larger, reducing any interference from the pressure probe, and their
extrusion pressure was likely higher.

The cause of the lack of pressure measurements is likely a combination of the material leakage and
the positioning of the strain gauge, which increased the minimum pressure that the sensor could mea-
sure. The initial observations where data was recorded were carried out at lower temperature, where
the viscosity of the material is lower, and therefore a higher pressure is obtained during printing. This
higher pressure is also the case for the experiments carried out at higher flow rates. The low pressure
during the process, combined with the higher minimum pressure for recording data, meant that the
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sensor was effectively used just outside its measurement range.

The result of these issues is that the pressure data from the pressure sensor was not useable for
the majority of the experiments. Instead, moving forward on the assumption that the pressure inside
the nozzle directly relates to the volume of material being extruded, the cross-sectional area, lineheight
and linewidth, as measured based on the microscopy data, was used as an analogue to the pressure,
and used for the analysis and the plots presented in the rest of this chapter.

4.2. Reading the data

An example of a set of graphs of the processed line data of a single experiment is shown in figure
4.2. The data plotted in the first, second and third graphs represents the cross-sectional area, the
linewidth, and the lineheight data, as measured by the Keyence optical profiler microscope. The dark
line represents the median, while the shaded region around it represents the inter-quartile range (IQR).
This is the data used for the analysis of the slopes instead of the pressure data.
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Figure 4.2: Example graph of the data set for a single experiment. The top graph is the cross sectional area, the second is the

linewidth, the third is the lineheight, while the fourth is the linewidth as set by the g-code command. The dark line is the mean,

while the shaded area represents the inter-quartile range. Note that when plotting multiple experiments together, the lines will
be colour-coded to match.
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The last plot shows the linewidth as set out by the G-code M118 commands. Due to the 2 Hz sam-
pling rate of this data, it may not perfectly match up time wise, hence some of the plots will show a
slight discrepancy between experiments or sample lines. Furthermore, the change in linewidth shows
as a slope, this is also due to the sample rate. The command to change the linewidth was issued once,
at the Y location of 45, which corresponds to a location between the start end of the slope seen in the
linewidth plots.

4.3. Consistency of Data

4.3.1. Selection of Data

Prior to selecting the data for further analysis, the images of the lines were visually inspected. The
lines that had clear issues, such as for example where material that was stuck to the nozzle had got-
ten caught on the line, were removed. These could be removed as their extrusion issues were due
to external factors, such as material sticking to the nozzle, and not the print parameters themselves.
The measured linewidths, lineheights, and cross-sectional area are quite consistent once we remove
the obvious outliers. This is a positive sign, as it would suggest that flow conditions in the nozzle are
fairly steady and therefore predictable. This would also mean that to obtain a correct and consistent
extrusion geometry, no rapid changes in parameters are likely to be needed.

4.3.2. Variations in the Lineheight

One of the most unexpected finds of this work was that the lineheight of the printed lines was not
constant as had originally been assumed and planned for. This parameter is generally expected to be
constant due to the ironing effect of the nozzle normally limiting the height of the line. However it is
possible that the pressure of the extruded material is high enough to have it push up behind the nozzle
similar to a wake wave. This demonstration of its variability, as well as the loss of the pressure data,
means that the microscopy data has become much more important than simply verifying the data from
the other sensors. Incidentally this also perfectly illustrates the benefit of having redundancy in the
sensor suite.

The magnitude of the variation in line height along the length of the sample line is small at up to 70
microns. Relative to the set layer height of 150 microns however, it is significant, and therefore cannot
be ignored. Upon initially observing what was thought to be a deviation in lineheight, attempts were
made to correct it. It was first assumed that the z-offset, which has to be manually calibrated, was
incorrect, but adjusting it seems to have inconsistent results, which were confirmed using a manual
micrometer. Upon inspecting the lineheight profile in the Keyence software, it was then seen to vary
along the line length. Initial theories were that the pressure of the melt was pushing the nozzle upwards,
as the entire extruder assembly is cantilevered off of two smooth rods which are only fixed from rotating
at their extremities. It was therefore concluded that it was not controllable, but should instead simply
be measured as a parameter, and future printers would need to be stiffened.

4.3.3. Consequences of the lineheight variations

One of the major consequences of the lineheight is that it makes linking this work with that of Houriet
et. al.’s [13] work more difficult. The material that is higher than the lineheight is material that is taken
away from the linewidth. This means the two cannot be considered separately, as was done in their
work. Furthermore, to evaluate the effect of the parameters on the extrusion and its delay, it is now
necessary to look at cross-sectional area to investigate the volume of material extruded. However, to
evaluate the results in context with other work, the linewidth still bears investigating. By analysing both
the linewidth and cross-sectional (CS) area, we can compare their relative changes, which may shed
light on the cause of the changing lineheight.

The next sections will discuss the transition rate and delay of both the cross-sectional area and the
linewidth, while also plotting the graph of these variables together with the lineheight and the G-code-
set linewidth.
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4.4. The impact of nozzle temperature

4.4.1. The response of the transition delay to temperature

Contrary to the expectation that the lower viscosity associated with higher temperatures would de-
crease response time, it seems like the delay in linewidth changes actually increases with temperature.
This is visible both in the data of the cross-sectional area, as seen in figure 4.3, and the data of the
linewidth, shown in figure 4.4, which can be taken as confirmation of the observed trend. This is po-
tentially due to the shear thinning behaviour of the material, as the lower temperature applies a greater
shear to the material. The effect on the viscosity of the shear thinning could potentially be greater than
that of the increased temperature.
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Figure 4.3: The transition delay of the cross-sectional area following changes in linewidth at different temperatures. The
variation in the delay between sample lines increases with temperature, making it difficult to determine if the response is linear
or exponential.

4.4.2. Thedifferent transition delays of the cross-sectional area and the linewidth

A key observation from these plots is that the transition delay is different between the cross-sectional
area (figure 4.3)and the linewidth(figure 4.4). The longer length of the cross-sectional area slope sug-
gests that although material is still being extruded, this material is not contributing towards increasing
the width, but rather going towards increasing the height. This pattern can also be observed in figure
4.7, which plots the responses of the variables for the different temperatures, further supporting the
pattern.
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Figure 4.4: The transition delay of the measured linewidth following changes in linewidth at different temperatures. The
increase in variability is again visible, while the delay itself appears to change change between two discrete levels.

The way that the linewidth reaches a plateau before the cross-sectional area stops increasing, which
appears for all the experiments, suggests that there is a limit on the linewidth for a given set of param-
eters. Beyond this limit, extruding more material will only increase the lineheight. This was originally
suspected to be due to the printing infrastructure; the pressure of the melt could be lifting the nozzle,
as it is not mounted very rigidly. This explanation is nevertheless deemed unlikely. However there
are many alternative explanations such as material properties like surface tension. Other explanations
relate to the printing process, such as the flow behaviour upon leaving the nozzle, or the cooling of the
material due to contact with the bed solidifying it and preventing it from spreading out any further. No
supporting evidence was found for any of these potential explanations, which means this phenomenon
will require future research.
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4.4.3. The variation in transition rates

The transition rate response is not as clear cut as expected. The transition rates do broadly follow
the logically similar trends of the transition delays. An increasing delay is associated with decreased
transition rate, as seen in figures 4.5 and 4.6. The linewidth appears to undergo a transition at a tem-
perature between 310 and 325 degrees. This is clearly seen in both the transition delay and rate.

The cross-sectional area measurement however seems far less reliable, with the inter-quartile range
(IQR) being much larger for the cross-sectional area. This increased spread in the data means that the
nature of the cross-sectional area relation to temperature is unclear. It could be either linear, based on
the mean values, or exponential, based on the distribution of the IQR.
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Figure 4.7: A comparison of the results of the experiments investigating the effect of temperature. The dark line is the median,
while the shaded region represents the 95% confidence interval.

4.4.4. The linearity of the responses

Further investigation by plotting the results in figure 4.7 shows that the response of the cross-
sectional area, which is naturally a combination of the linewdith and lineheight, is different due to the
contribution of the lineheight. While the lineheight varies almost linearly following a change in the set
linewidth, the linewidth itself follows an asymptotic curve. This asymptotic curve is clearly different for
temperatures of 310 and below, compared to the temperatures of 325 and above, a difference only
seen in the linewidth data.

When extracting the slopes from this data, the assumption was made that the transition changes
could be approximated as linear slopes. Initial evaluation of the cross-sectional area plot corroborated
this. However the plot of the linewidth demonstrated a clearly non-linear response. The increase in
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lineheight does appear to follow a linear trend, but for both of these datasets, until the underlying cause
is known, assuming any shape in the response will be prone to potential errors. For the purpose of
comparing the responses however, the linear approximation does allow us to compare the duration of
the transition, and provides a simplified, albeit potentially oversimplified way of evaluating the transition
rate response. From a purely process control perspective, it provides a way of inferring what param-
eters to change to achieve certain results. This is sufficient for making a very simple loop that should
eventually reach the correct parameter value. Ideally, using a predictive capability, we would obtain
the exact parameter value without the need for iteration, however this requires a further fundamental
understanding of the causes of the transition response.

4.4.5. Potential causes for the discrepancy between lineheight and linewidth

Surface tension in the deposited melt would cause the material to minimise its surface area, which
would cause it to change shape from a stadium (shape commonly described in literature and used to
calculated extrusion values), to more of a circular cross section. While the existence of surface tension
in the material has been observed, no information was found as to its significance. This rounding of the
cross section would theoretically be counteracted by the adhesion to the bed, however this adhesion
has been found to be very low, potentially being overcome by the surface tension. This surface tension
could also be one of the causes for the LCP often separating from the bed, as it reduces the contact
area. Increasing the temperature would lower the viscosity, and increase the period of time that the
material is above its melt temperature after being extruded. This combination means that increasing
temperature would give the surface tension more time to further deform the deposited line, and at a
higher rate. However, the evidence is not definitive, in particular when looking at the cross sections of
the lines. These were cut and then imaged under the same Keyence microscope, with little evidence
of the surface tension causing a significant change in the cross section.

As the flow leaves the nozzle, it might form vortices. This is another potential cause for the differ-
ence in layer height and width. As the material leaves the nozzle and is pushed into the bed, it could
form symmetric vortices in the plane formed by the nozzle axis and perpendicular to the direction of
travel, that cause the lineheight to increase as material is pushed upwards by the vortices [13]. As the
temperature increases, the vortices are able to move more before being frozen in place, hence increas-
ing the temperature allows for the material to move more and curl on itself more, giving it a greater
lineheight. This is difficult to predict, as it will depend on many material and process parameters. Fur-
thermore, it will occur at the opening of the nozzle, where the geometry of the nozzle tends to obstruct
this viewpoint, making in-situ observations more difficult.

Itis very likely that the actual cause is a combination of these potential phenomenons. The impact of
these phenomenon should decrease as the linewidth approaches the nozzle diameter. The presence,
or lack thereof, of these phenomenons when extruding at widths below the nozzle diameter, such as
proposed in Houriet et. al.’s [13] work, would require more experiments to be carried out. These phe-
nomenons fail to offer an explanation for the varying delay in the changes to the cross-sectional area.
The increased delay in the correct cross section would suggest some mechanism is restricting the addi-
tional material from leaving the nozzle, which is counter-intuitive to the increased viscosity associated
with increasing temperature.

4.4.6. Potential cause of the transition delay

One potential explanation which could cause an increased delay with increased temperature, is that
the lower viscosity enables turbulent vortices to occur in the nozzle. These turbulent vortices would
likely reach a relatively steady state when consistenly extruding with the same parameters. This steady
state would need to change when changing the linewidth. The "inertia” of this steady state could be
what is causing the observed transition delay. An increase in the linewidth would mean more material
needs to move downwards to the nozzle opening. Depending on the amount and degree of vortices,
this could mean that material will require a greater change in its motion, hence why it could be described
as inertia.
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This turbulent motion within the nozzle would likely be quite random, which would result in the ac-
tual delay also exhibiting a large degree of randomness. This matches the data, as both the linewidth
and cross sectional area have an increasing variability in the results as temperature increases. Fur-
thermore airflows generally undergoes a transition point, where the flow transitions from laminar to
turbulent, with the turbulent flow often growing from the turbulent boundary layer present at the edge
of the flow. Based on this, it is also possible that the changes in the transition rate and length of the
linewidth, which seems to show two distinct levels, is due to the onset of turbulent flow somewhere in
between the temperatures of 310 and 325 for the geometry of this nozzle. These potential explana-
tions should be treated as hypotheses, which will be further examined, but not conclusively supported
or discarded by this work in the upcoming sections and chapters, and warrant further investigations.

4.5. The impact of varying speed

Print speed, otherwise referred to as feed rate, is the speed of the nozzle when printing. This is
one of the base parameters, usually defined in mm/min, as that is how it is coded in G-code. It must
be noted that the printer will automatically adapt the extrusion rate to match the feed rate, which is
to say that increasing or decreasing the feedrate will not affect the amount of material the extruder
pushes in for a given distance travelled. This means that when increasing the feedrate, the amount of
filament being pushed into the nozzle per unit time is increasing, hence the shear rate of the material is
increasing, as more material is being pushed through the nozzle per unit time. This increase in shear
rate should increase the degree of alignment of the material. Furthermore as LCP is a shear thinning
material, it should lover the viscosity of the melt.
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Figure 4.8: A comparison of the results of the experiments investigating the effect of varying feedrates. The dark line is the
median, while the shaded region represents the 95% confidence interval. The measured lineheight shows little difference
between the different feedrates. The measured linewidth however shows a clearly different slope for the slowest feedrate of
200mm/min.

Initial planning aimed to have a broader range of printing speeds that more closely resembled com-
monly used print speeds. The aim for the slow speeds is to try to get a very high image and data rate
per distance travelled, and the speeds would increase from that point. However, when reaching a print
speed of 720 mm/min, it was found that the printer emitted a loud noise, and the printbed was observed
to visibly stutter. Investigations into the issue revealed that the printer itself was stuttering. This was
due to the sheer amount of G-code the processor was dealing with. To obtain the position data, the
motion commands were split into small commands, each followed by an M118 command where the
printer would report its position. Under normal operations, the next line of code would be processed
as the move was being made, which is sufficient for smooth motion. In the case of these samples,
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the rate at which commands were given was much higher, and more commands were given such as
reporting the position to serial. This did not allow sufficient time for the 8-bit processor to process the
next set of commands, hence the printer suddenly stopped moving as the stepper drivers waited for
the next motion commands to be received. The impact of this stuttering meant that the data from that
experiment needs to be discarded. This can also be seen from the data itself, such as in figure 4.9, as
the clear trend set by the lower speeds is gone in the results from this experiment.
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Figure 4.9: Transition delay of the cross-sectional area following changes in linewidth at different feedrates, defined in mm/min,
as it is defined in G-code. Feedrate is the speed at which the nozzle moves, and not the rate at which lengths of filament are
fed into the extruder.

80

70

50F

30F °

L L L 1
200 360 540 720
Feedrate (mm/min)

Transition Delay of the linewidth (mm)

Figure 4.10: Transition delay of the linweidth area following changes in linewidth at different feedrates

Looking at the delays in linewidth and cross-sectional area, plotted in figures 4.9 and 4.10, increas-
ing the speed of the printhead causes a reduction in the delay of the material being extruded, which
is likely due to the shear thinning effect reducing the viscosity and enabling more rapid changes in the
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flow. Furthermore, the the linewidth gradient rapidly increases with feed rate, and the length of the
slope decreases, suggesting that the linewidth responds much more rapidly to changes, and is more
sensitive to the speed than the cross-sectional area. It is possible that the shear thinning effect results
in the material being locked in place earlier. This is because the shear thinning also causes the viscos-
ity to decrease more rapidly once the material has left the nozzle as no more shear is being applied.
This would affect the potential causes of the discrepancy, such as the surface tension, from deforming
the extruder material as much.
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Figure 4.11: Transition rate of the cross-sectional area following changes in linewidth at different feedrates
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Figure 4.12: Transition rate of the linewidth area following changes in linewidth at different feedrates

As discussed previously, when looking at the lineplot in figure 4.13, we see that at speeds above
200 mm/min, the pressure sensor is again able to give readings, corroborating the idea that the issues
with the sensors are due to its use at pressure outside of its measurement range. Unfortunately, the
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lack of pressure data coverage across all the experiments makes it difficult to draw conclusions. How-
ever it is interesting to see that while the pressure also has a sloped region of mounting pressure, it is
distinctly shorter and steeper than that of the cross-sectional area. In this regard, it's behaviour is more
akin to that of the measured linewidth.
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Figure 4.13: Transition rate of the linewidth area following changes in linewidth at different feedrates

4.6. The impact of varying linewidths

The effect of changing the linewidths is similar to what was expected. Increasing the step change
results in an increase in the gradient of the slope, as the pressure in the nozzle should ramp up to
a higher pressure, which would increase the shear rate. However, the effect of starting at a higher
initial linewidth, which would mean a higher initial pressure, does not appear to create a reduction in
the slope length that was expected. For the same step change in linewidth, the slope length is only a
little longer for both the cross section and the linewidth. The results suggest that the slope length is
governed primarily by the magnitude of the change in linewidth, with a potentially smaller impact of the
start and end pressure, as seen in figures 4.14 and 4.15. This is in contrast to the gradients.
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Figure 4.15: Transition rate of the measured cross-sectional area following changes in linewidth at different feedrates

The gradients, as showin in figures 4.16 and 4.17, appear to be more affected by the final linewidth,
rather than the step change. Interestingly, the slope gradient of both the linewidth and the cross-
sectional area are similar for experiments 7 and 14, suggesting that the gradient is affected primarily by
the final pressure, as opposed to either the starting pressure or magnitude of the change in linewidth.
This can be explained by the gradient being the direct response of the pressure in the nozzle, and
suggests that the pressure required to extrude the final linewidth is applied rapidly, which corresponds
to the pressure readings seen during the speed comparison. The gradient should have a large impact
on the final slope length, together with the step change that was discussed. Therefore applying an
excessively large pressure rapidly, before reducing to the final extrusion pressure, should be a valid
way of reducing the delay in changes.
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Figure 4.18: A comparison of the results of the experiments investigating the effect of varying the changes in linewidth. The
dark line is the median, while the shaded region represents the 95% confidence interval.

4.7. Results in the context of current work with LCP

One of the major aims of this work is to work towards achieving the level of control that is required
for the topology optimisation and material properties set out in the work of Houriet et. al.[13]. It is
necessary to first address some differences in how this work was carried out.

4.7.1. The experimental differences in line geometry

Their work strictly used a layer height of 0.1, however this was not continuously measured, hence
variations might be possible, as was discovered in this work. However, for the sake of the comparison,
we will assume they obtained a constant layer height. When attempting to print with a layer height of
0.1, it was found that the strain gauge of the rheometer would scrape the bed, and therefore all the
prints and the extrusion quantity was set with the assumption of a layer height of 0.15, with the layer
widths defined by the ratio of lineheight to linewidth as set out in their work. The difference in layer
height means that direct comparisons are difficult, but we should still be able infer patterns from the
data that are applicable to both since the ratio is kept constant. This ratio was considered the more
important, because this ratio is believed to define the flow path as it left the nozzle. For this reason, we
can still reach conclusions for how to best approach the different requirements set by their work.

Their work established that the alignment had a major impact on the properties obtained, and this
alignment was affected by how much the flow spread out from the nozzle. Their comparison is based
on a ratio of the linewidth to the nozzle diameter. This ratio does not incorporate the lineheight, which
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could cause reductions in the properties if too high, similar to the linewidth. Ideally a way to incorporate
this parameter will to be added to the equation, or a second separate relation will need to be made for
it. Depending on the cause of the observed limit of the linewidth, it may be possible to effectively find
a minimum linewidth, below which the lineheight may indeed be assumed constant, and its effect be
considered negligible on the properties.

4.7.2. The effect of temperature in context

In their work, they found that printing with lower temperature was beneficial for achieving higher
anisotropy and higher temperatures. This bodes well for printing precise geometries, as this work
suggest that printing at lower temperatures is beneficial for reducing the delay in changing exrusion
parameters, hence fine control of both the geometry and the strength is possible at lower temperatures.

4.7.3. The effect of linewidth and nozzle diameter in context

As part of their work, they suggested that for optimal strength, a narrow nozzle with a small linewidth
that is at or below nozzle diameter should be used, as this "draws” the filament out of the nozzle align-
ing it. The results of this work suggest that having a smaller nozzle and the associated increased
shear rate should be beneficial to reducing the delay in parameter changes, and therefore improving
the predictability of flow geometry for a given linewidth. However, there are two barriers to making
more conclusive statements. The first is that due to the rheometer, this work could only use one nozzle
diameter, and more work needs to be done to see if changing the nozzle diameter affects the results.
The second is that to obtain a similar geometry ratio, this work used very wide linewidths, hence this
work is unlikely to accurately predict the effect of the printing parameters when printing linewidths below
the nozzle diameter. The sub-nozzle diameter linewidth recommend for the absolute best properties
mean that the material is no longer being sheared due to pressure in the nozzle; it is more akin to draw-
ing, which is governed by different flow phenomena, and the research carried out here is unlikely to
accurately represent this. However, it is possible that the kind of high alignment generated by drawing
out the filament could potentially be achieved by printing faster and increasing the shear rate.

4.7.4. The effect of feedrate in context

Their experiments were carried out with a motion speed of 60mm/s, which was not possible with
our setup; the highest speed achieved (with stuttering) was 12 mm/s, hence the shear rates can be
expected to be much lower than for the lines printed as parts of their experiments. This also means
that the properties of the sample lines in this work can be expected to be far more isotropic, with lower
properties. Nevertheless, even at these lower shear rates, it was demonstrated that increasing the
shear rate is beneficial for achieving a faster response in parameter changes. It is worth investigating if
higher speeds can be achieved that would increase the shear rate, perhaps in combination with nozzle
geometry changes, that could result in a similar level of alignment.

Nevertheless, if we assume that we can apply the equation derived in their work to the results ob-
tained in this work, then it is possible to calculate the theoretically achievable rate of change of Young’s
Modulus based on the measured rate of change of the linewidth. It should be noted that the true highest
rate of change is likely higher, as the calculated transition rate assumed a linear rate of change. While
this seemed correct for the cross-sectional area and lineheight, the measured linewidth does not seem
to follow a linear trend, but instead an asymptotic one. Hence the true achievable rate of change of the
modulus could be even higher.
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. Measured Calgulated
Temperatures | Feed Rate | Min Max Transition Achievable Rate
(degrees C) (mm/min) Linewidth | Linewidth of Change of
Rate \
Young’s Modulus
295 200 0.6 1.2 0.026 1.64E+07
310 200 0.6 1.2 0.025 1.76E+07
325 200 0.6 1.2 0.012 7.30E+07
340 200 0.6 1.2 0.009 1.27E+08
325 200 0.6 0.9 0.014 5.43E+07
325 200 0.9 1.2 0.011 8.63E+07
325 360 0.6 1.2 0.022 2.26E+07
325 540 0.6 1.2 0.028 1.42E+07
325 720 0.6 1.2 0.028 1.42E+07

Table 4.1: A table showing the input parameters and the resultant measured transition rate, which is then converted according
to the equation for the Young’s modulus as proposed by Houriet et. al. [13]



Conclusion

This work set out to utilise a combination of in-situ and ex-situ sensors to investigate the effect of
print parameters on the extruded geometry of fused deposition modeled LCP. To this end, a test setup
was built which was able to successfully combine the data from these sensors for the experiments. In
doing so, a dataset was created that contains a large amount of data from each of the sensors, that can
be used at a later date to verify print parameters, as well as train an algorithm to predict what changes
in parameters would be beneficial to obtaining a specific geometry.

This ability to predict the effect of the parameters on the geometry was demonstrated to be nec-
essary, as a clear delay in the extrusion change was observed, the magnitude of which changed as
parameters were changed. This will need to become predictable in the future if precise complicated
geometry will need to be printed that incorporates continuous linewidth changes in the pursuit of spe-
cific material properties. It was further demonstrated that the linewidth was not the sole parameter that
needs monitoring with regards to the geometry of the output, as the lineheight demonstrably changed
and was also affected by the print parameters.

Based on the data, it would seem that print geometry is very consistent and reliable across the
tested parameters, with transitions being quite smooth and gradual, suggesting that actively modifying
parameters to change the final geometry is a valid approach that will not result in the flow conditions
entering an unstable or turbulent state that requires high speed monitoring and compensating. This
also opens up the use of more sensors for in-situ monitoring that might otherwise be disregarded due
to their sampling speed.

This sampling speed need not be an issue, as this work has further demonstrated the viability of
mixing sensor datasets sampled at different times. However it is difficult to do, as not all sensors have
the same datarate, and it is critical to have some measured parameter that is shared between them
and sampled at a high frequency, such that their datasets can be combined. For in-situ measurements,
time is the easy and obvious choice, however when using an ex-situ sensor after the print, this is no
longer an option. When using position as the reference. and if the sampling frequency is low, then
it is probably that the data cannot be combined with the same level of positional accuracy, unless a
separate high precision sensor can be used.

In-situ monitoring techniques are likely to be required in the future, as the changes in extrusion width
are difficult to predict, and likely too computationally expensive to predict fast enough for an open loop
system, especially when considering the vast variety of materials and their potential additives. This only
becomes more critical when dealing with LCP’s, where the properties of the material are intrinsically
linked to the parameters of the process. For this reason, the chosen approach of combining multiple
sensors was considered a promising avenue of research, and this work has demonstrated that the in-
formation that can be gleaned from combining datasets can be useful to understanding the behaviour
of a material or process.
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Outlook and Recommendations for
Future Work

6.1. Rheometer

6.1.1. A critical review

The rheometer had a number of issues in functioning, such as the lack of an ability to calibrate
it once mounted. This meant that although it was possible to reliably get correct values for changes
in pressure, the absolute values could not be obtained. The temperature sensor in the tip, although
located in contact with the melt, was clearly affected by the thermal conductivity of the pushrod. This
was mostly clearly visible when switching on the part cooling fan, which would drop the measured tem-
perature by around 60 degrees. Initial differences of over 100 degrees were measured at first, before it
was discovered that the thermocouple was improperly in the pushrod, resulting in a new thermocouple
being mounted into the pushrod. It nevertheless still measured a temperature that was consistently
around 10 degrees lower than the temperature according to the thermistor of the printer. Measure-
ments with a temporary thermocouple inserted into the nozzle without any extrusion taking place gave
readings more in accordance with the thermistor, suggesting that even without the part cooling fans
blowing over the pushrod, the pushrod was acting as a radiator for the thermocouple measurements.

These issues alone do not preclude the use of the rheometer, however it also imposed severe
restriction on the motion of the printer due to the strain gauge being located so close to the bed. It
furthermore required a significant amount of cleaning prior to every print to clear up the leaking mate-
rial. These factors, combined with the particularly low viscosity of LCP, make the design as a whole
impractical for further experiments. Despite this, a sensor which measures the pressure of the melt
would still be very useful. In this case, a sensor that is also capable of measuring the pressure on the
nozzle tip by the melt as it is being deposited is particularly interesting. This design would ideally also
be nozzle agnostic. The results of this work suggest that further work looking at varying the geometry
of the nozzle could lead to some very interesting results, especially in combination with varying the
nozzle diameter.

6.1.2. Potential improvements

This leads to the considering of sensors that instead mounted on the entire cold end assembly,
similar to how the newer Prusa MK4 uses a strain gauge to probe the bed. This sensor would ideally
be capable of measuring the pressure on the nozzle, regardless of motion direction. For use in spin
printing, and to further evaluate conventional printing, it would also be intersting to apply strain gauges in
lateral axes parallel to the motion, to measure the sideways forces on the nozzle. This might give further
insight into the effect of extruding material out as in conventional printing, and allow for comparison to
drawing the material out as in spin printing, which incidentally currently achieves the highest degree of
anisotropy.
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6.2. Sampling rate and hardware/software limitations

One of the fundamental issues encountered in the development of the test setup used in this work
was a legacy of how additive manufacturing machines have been developed since the reprap move-
ment. Initial printers were built using cheap on-hand electronics, such as arduino microcontrollers, sim-
ple stepper drivers and stepper motors. These served their purpose well, and although some changes
have been made more recently, such as the move to 32 bit microcontrollers, the fundamentals have
remained the same. This is also true for the software, which is designed to work almost headless,
necessitating the most bare bones display and interface. This made these machines much more ac-
cessible and easy to use.

Unfortunately, this legacy means that these machines lack the outputs that would allow rapid data
transfer to an external machine. Due to the high processing requirements that come with in-situ monitor-
ing, especially if optical data is used, the small microcontrollers common to older printers are no longer
sufficient. Even modern single board computers (SBC) are unable to keep up with such demands.
Hence, an external "command centre” is needed, that is capable of rapidly receiving large quantities
of data from the printer and it’s sensor, and process them. It must then also be able to directly send
commands that modify parameters and intercede on the base g-code provided. Recent firmwares such
as klipper, where a SBC will first do some initial processing to the g-code before feeding it to the printer
are a step towards such capabilities, however more steps are needed, as this is still open-loop control.
This needs changes to how the firmware works, but also hardware changes, such as motion tracking
sensors that enable the printer or the command centre to know what the current position of the printer
is, as opposed to sending commands and blindly hoping they are correctly followed. A successfully
attempt towards this was made using the existing hardware, and M118 g-code command, however
this rapidly overburdened the 8-bit microcontroller and lacked a sufficiently high datarate. Furthermore,
existing g-code seemed limited in terms of what commands could be fed to the printer to change print
parameters, with the currently supported g-code commands being changing temperatures and flow
rate. These commands would be insufficient to make corrective moves and extrusions.

Future software work could focus on separating the firmware into two sections, one which interprets
given commands and executes the low level commands to the motor drivers or heaters, and one which
actively processes data from the printer and the original g-code and decides what high level commands
to send to the first section. This second section would retain full control of motion commands and can
be directly interfaced with by the user. Future hardware work could look into suitable motion sensors,
such as for example encoders, and how to rapidly sample and transfer this data from the sensors or
printer board to this new command centre for processing via high bandwidth data links. The number of
potential sensors is very high, as many are suited to very particular tasks, hence to obtain information
from the various parts of the process, a multitude of sensors will be required, likely including a number
of optical ones, which are notoriously bandwidth and processing hungry.

6.3. Positioning data and its necessity for sensor fusion

The positioning technique used in this work has demonstrated its usefulness, as it enabled all the
gathered data to be overlayed based on the position of the toolhead at the time that the measurements
were taken. This is a far more intuitive method of overlaying sensor data compared to time itself, as the
motion occurring is also important to the process, and in a case where feedrate is not constant, finding
the motion that is occuring based upon a timestamp during or after the print is much more difficult.

The positioning technique is however not without it's flaws. It significantly limited the maximum
feedrate achieved by the toolhead. Based on the raw data of the feedrate experiments, it seems that
although imperceptible to a user sitting next to the machine, it is likely that micro stutters were occuring
even in the slowest prints. This is not an acceptable drawback for such a sensing system, especially
for industrial use.
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Figure 6.1: Results from the feedrate experiments, with the top graph showing the pressure data. Note the spikes in the data,
this is due to the start-stop motion of the toolhead as the microcontroller stutters. This motion translates to a vibration which
shakes the strain gauge measuring the pressure, resulting in the vibrations being recorded as well as the pressure. As can be
seen by the shaded spikes, the vibrations do not necessarily all occur at the same location along the line. Note that only the red
vibrations were of sufficient magnitude due to the higher speed and the pauses sufficiently long that the stuttering was visibly
and audibly noticeable. At 540 mm/min, the yellow line, it was suspected to vibrate only after rerunning the print and touching
the 90 degree bed to feel the vibrations which were almost imperceptible.

Positioning information can be obtained in a number of ways, such as for example encoders on the
stepper motors controlling the motion, or a camera tracking the toolhead. The measurement system
would ideally measure the position at a very high frequency, as it will be critical for sensor fusion, hence
precision of the combination of data will be dependent on it's sampling rate. Furthermore, with work
like that of Petsiuk et. al. [16], the ability to use cameras mounted on the toolhead to corroborate the
geometry with that of a digital twin will require precise knowledge of the positions of the cameras, and
therefore the toolhead.
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6.4. Future work with LCP

The results suggest that some of the assumptions made on the flow in the nozzle, may be incorrect. It
has already been demonstrated that utilising narrower nozzles can provide higher degrees of anisotropy,
with the understanding that the material was being drawn out more and experience more shear aligning
the crystals. Based on the results shown here, and the potential cause for the measured delays, it is
distinctly possible that more flow turbulence is occurring in larger diameter nozzles, at least in the
melt sections. This turbulence can be reasonably expected to affect the alignment of the material
as it leaves the nozzle. This requires more research to confirm, but may need to be addressed, or
alternatively controlled and even induced. It is known that high degrees of anisotropy prevent two
layers from bonding well, causing weak interlaminar properties. If a relatively isotropic outer shell for
the deposited material can be generated by deliberately inducing small controlled turbulence in the
outer region, then potentially this interlaminar strength could be improved.
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