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ABSTRACT

Experimental Investigations into the Accuracy and Precision of Material Extrusion Additive

Manufacturing
Samuel Lewis Massey

Material Extrusion Additive Manufacturing (ME AM) is one of the most popular AM technologies
thanks to its ease of use and ability to produce complex shapes from a range of materials at a
comparatively low cost. However, it is commonly characterised by poor quality, including
unsatisfactory surface roughness, dimensional and geometrical accuracy, and dimensional precision.
As a relatively recent technology, it is common for users have limited familiarity with design
implications and process capability. Consequently, many of the purported benefits are negated as
components do not conform to specification and trial-and-error approaches are often employed
instead. Given these limitations, improvements to the process would help increase the proliferation of

the technology and maximise potential benefits.

The existing capability of the ME AM process was first established in this thesis through experimental
work involving the production of identical components across multiple prints and machines of
differing designs and price points. This highlighted that all axes on all machines exhibited average
dimensional error of up to 0.25mm and error variability of approximately +0.20mm. The Z axis,
typically driven by a lead screw rather than belt drive, exhibited lower error and variability.
Geometrical inaccuracy was also demonstrated to be prominent, largely due to swelling outwards at
corners. Using a standard process capability value of 1.33, these errors suggest a tolerance of 1.2mm
is needed such that any component feature aligned with any machine-axis can be assembled with
another matching feature. However, with suitable adjustments for average error and by addressing the
geometrical inaccuracy, this tolerance may be reduced substantially. A high-level characterisation was
then presented to categorise error sources as arising either from machine positional error or from the

extrusion and deposition of material itself.

Positional error was determined in terms of fixed backlash and variable scale components. This
showed that backlash errors were typically of the order of 0.05mm, and scale errors were undersized
by up to 0.6% representing one of the largest error sources. In addition, filament diameter and
extrusion lengths were measured and found to contribute a very limited amount to overall error.
Extrusion errors were characterised in terms of steady-state filament morphology and the XY plane
corner errors identified in the initial performance experimentation. A new cross-sectional morphology
model was presented which accounted for volumetric flow rate and the deposited material aspect
ratio. This represented the outer boundary of vertical surfaces as a series of arc lengths, which

predicted a deposition approximately 0.035mm wider than the standard rectangular model included in



current popular slicing software. XY plane corner errors were investigated for 11 separate angles,
alternative perimeter deposition orders and the inclusion or exclusion of a perimeter weld. This
showed typical geometric deviations of approximately 0.1mm relative to the straight depositions

before and after the corner.

Potential methods of process improvement were discussed, including existing studies which have
sought either to avoid the errors, compensate for them or remove them via post-processing techniques.
As a result, a new machine and nozzle design were proposed. The novel nozzle incorporated a side
piece, which could guide over-extruded material at corners and improve the surface finish of vertical
walls. In order to operate in the XY plane, this was combined with a 4-axis machine to allow the
rotation of the nozzle. Steady-state experimentation showed that a doubled layer height to 0.4mm was
required for controlled morphology with the new nozzle design. For an optimal combination of
temperature, extrusion rate and print speed, a comparable surface roughness and improved
dimensional error, build time and bonding width were observed compared to the lower layer height
standard nozzle. However, application to corners in the XY plane revealed several limitations. First,
pauses at the corners associated with the nozzle rotation introduced over-extrusion as residual
pressure causes the continued extrusion of molten material. Whilst the side piece was demonstrated to
interact with this additional material, some nonetheless flowed beyond it resulting in poor geometrical
accuracy. Reducing the effects of the pause through faster rotation speeds, lower temperatures and
filament retractions did improve this behaviour, though introduced additional geometrical error

inwards from the corner.

Ultimately, it was determined that immediate improvements can be made through adoption of the
updated filament model and better positional control of machines, to include scale calibration and
limitation of backlash through proper tensioning of belts and gantry arrangements. Whilst the novel
nozzle design shows promise, particularly during steady state deposition, the root cause of over-
extrusion at corners still requires addressing in popular slicing software. If these issues can be
overcome, improved average dimensional error and tolerances of 0.05mm and +0.10mm respectively

are achievable.
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ACRONYMS

ABS Acrylonitrile Butadiene Styrene
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ASTM American Society for Testing and Materials
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CFD Computational Fluid Dynamics
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DfM Design for Manufacturing
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FDM Fused Deposition Modelling

FEA Finite Element Analysis
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PLA Polylactic Acid
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1. INTRODUCTION

This thesis presents a series of experimental investigations into the Material Extrusion (ME) Additive
Manufacturing (AM) process. It details the existing performance as outlined in literature and builds
upon this with detailed experimental work. The underlying cause of process error is explored through
further targeted experimentation and subsequently, a novel machine design solution is developed and
tested. The overall purpose is to maximise the potential of this highly accessible and popular

technology through the minimisation of current limitations.

1.1.BACKGROUND

There are four main categories of manufacturing process that may be employed to produce a
component: subtractive, forming, casting and additive. The first three date back thousands of years,
where primitive tools and other items were produced using rudimentary versions of these methods.
Over the past 150 years in an industrial context, these processes have been developed and revised,
affording a detailed understanding of process capability. The fourth process (AM) is a much more
recent technology that has only been made possible through developments such as those in computer-
controlled machinery, machine software and materials. The first commercialised AM machine was the
Stereolithography Apparatus (SLAL), manufactured in the mid-1980s [1,2]. Since then, the number of
technologies has grown and many hundreds of manufacturers now offer machines with a wide variety
of capabilities. As a result of its comparatively recent introduction, AM user knowledge is still
developing and there is likely scope for further improvements in understanding and process

performance.

AM refers to manufacturing processes that involve the joining of materials to make objects from
three-dimensional Computer Aided Design (CAD) model data, usually layer upon layer [2]. AM is
also commonly referred to as Layered Manufacturing (LM) or 3D Printing (3DP) and is a subset of
Rapid Prototyping (RP) or Rapid Manufacturing (RM). Formal definitions vary, but the most obvious
distinction is that AM technologies are additive layer-based, whereas RP is a more general term
describing the manufacture of 3D objects from CAD data. Berman [3] suggests that additional
features of AM are lower costs, increased software integration and ease-of-use. Both RP and AM are
typically utilised to lower the time and costs of product development and can be used to verify designs

prior to production via higher-volume manufacturing technologies [4].

AM is an umbrella term that encompasses a number of more specific technologies. Each of these
varies in the method of material delivery and inter-layer bonding. As a result of these differences,
components manufactured by the various AM technologies also vary in terms of their quality and
performance characteristics. These technologies are therefore often selected for their performance in

specific areas, depending on the properties of the component required.



Although it is often noted that AM technologies are well-suited for initial prototyping or hobbyist use
[5], Berman [3] and Mohamed et al.[6] note that AM is increasingly used to create finished goods,
particularly for early production runs or test marketing. Wohlers [2] reported that final goods

accounted for approximately 50% of AM output in 2020.

1.2.AM TECHNOLOGIES

AM consists of seven distinct technologies [7], which offer many benefits including reduced
manufacturing time [8,9] and cost [10,11], complex geometries [12-14], material waste reduction
[3,12,15] and compact machine designs [16-18]. However, potential disadvantages of AM include
material restrictions [19-21], the need for support structures [12,22,23], warpage or dimensional
inaccuracy [12,24,25], component anisotropy [26-28] and the need for post-processing [24,29,30].

The International Organization for Standardization (ISO) classified AM technologies in ISO/ASTM
52900:2015 [31]. This lists the seven AM technologies as: binder jetting, directed energy deposition,
material extrusion, material jetting, powder bed fusion, sheet lamination and vat photopolymerization.
These vary both in their process (feedstock format, bonding method) and capabilities (resolution,
material, quality, mechanical strength and so on) [9]. Kim and Oh [24] conducted a detailed
benchmarking study of AM technologies, drawing quantitative comparisons on a variety of
performance metrics. They found that vat photopolymerization has the best accuracy, hardness and
surface roughness; powder bed fusion performs best for compressive strength and speed; material

jetting exhibits the best tensile strength and material extrusion provides the best impact strength.

Wohlers [32] stated that the total global market for AM grew 19.5 percent to USD15.3bn in 2021.
Their report discussed specific developments in the 3D printing of food, medicines and electronics
and noted that particularly strong growth was evident from AM service providers as opposed to the
manufacturers of the systems themselves. In the United Kingdom, Additive Manufacturing UK,
supported by the government, have presented a national strategy running to 2025 [33]. This identified
a strong High Value Manufacturing (HVM) sector within the UK and stated that the adoption of AM
is crucial in maintaining competitiveness. The report predicted that by committing GBP225 million to
develop capabilities, the UK’s High Value Manufacturing sector can grow to GBP3.5 billion per year
and support more than 60,000 jobs by 2025. They particularly identified a lack of expertise with the
various AM technologies as a major barrier, where only 17% of UK manufacturing companies

reporting experience with AM compared with 37% in Germany and 24% in China.



1.3.MATERIAL EXTRUSION ADDITIVE MANUFACTURING

ME AM, also commonly referred to as Fused Deposition Modelling (FDM) and Fused Filament
Fabrication (FFF), is one of the most pervasive AM technologies [12,34,35]. Statista [36] conducted a
worldwide survey of AM users and found that 95% used ME AM, far ahead of any other AM
technology. ME AM is popular primarily because of its simplicity and low-cost machinery and
maintenance. It is predicted that the ME AM combined hardware and materials market will be
USD2.2 billion by 2027 [37]. ME AM is therefore well placed to push AM technologies further and
unlock their potential benefits. This thesis focuses exclusively on the ME AM process in order to
provide a detailed review of the technology and the specific factors that contribute to its current

limited performance.

1.3.1. HISTORY
ME AM was pioneered by Scott Crump at Stratasys Inc. in 1989 and was patented in 1992 [38],
where it was referred to by the protected term FDM. The patent for this expired in 2009 [5], which has
since allowed for the development of new machines [39]. This has significantly increased both the
number of machines available and manufacturers involved [5], and has reduced machine costs [40,41]
to as low as USD100. These machines are often generally referred to as ‘3D printers’ and are
commonly based on open source designs [42]. In parallel, research interest in the technology has also
grown [40,43]. Traditionally, the ME AM process was suitable only for pure thermoplastics [44] and
Stratasys machines typically used Acrylonitrile Butadiene Styrene (ABS). However, recent
developments have enabled fabrication from materials such as ceramics [45], fibre reinforced
composites [46], metals [47] and biomaterials [48]. Today, the technology is popular amongst
hobbyists [49] but is also frequently used in production of concept models, functional prototypes and

customised end-use components [50,51].
1.3.2. PROCESS

The ME AM process can be characterised by four main steps, as demonstrated in Figure 1.1.

Component
Production

 —

Figure 1.1 Overview of the ME AM process

A 3D component is first created in a CAD software package. The design rules that may be employed
by the user at this stage are discussed in detail later in Section 7.1.1, just as would be applied to
alternative technologies. This virtual part is an idealised representation of the component, which
theoretically contains no material error. In some cases, rather than being manually designed and
produced this virtual part representation can be generated from scanned data of physical objects. This

virtual part must then be saved as a file which determines the outer surface geometry. Hager et al. [52]



noted that Standard Tessellation Language (STL) is the by far the most popular file format. In this, the
surface geometry is translated into polygonal approximations with vertex coordinates and normal
vectors. Curved geometry must therefore be converted to a series of straight lines, though with a

suitable resolution selected in the software errors are minimal [53].

Slicing software (a “slicer”) converts the virtual component to machine instructions, usually referred
to as G-code. This code is specific to the ME AM process and machine being used. The code is
executed by the machine’s Central Processing Unit (CPU), with each ‘instruction’ in the machine

code leading to a specific action being taken.

The G-code contains line-by-line instructions, which are executed in order. A typical sample of such

code is included below in Figure 1.2.

GO| X198.743 Y4@.351 Non-extrusion command
Gl F3000 X174.656 Y16.264 E1.10752

G1| X174.586 Y16.194

G@ F9Pee X174.586 Y16.2084 Extrusion command

GO X198.834 Y44.834

GO X198.904 Y44.904

3 TYPE :WALL-INNER Comment

G1 F2400 X170.184 Y44.984 E0.93637

G1 X170.104 Y16.104 E@.93637

Gl X198.904 Y16.104 E@.93637 Move/print speed

G1 X198.904 Y44.994 E@.93637

Ge [Foeee| X199.384 V45.304

s TYPE:WALL-OUTER

G1 F1200 X169.784 V45.384 E0.96238
Gl X169.782 Y15.704 E0.96238

Gl X199.304 Y15.704 [E@.96238

G1 X199.304 Y45.304 E@.96238

GO F900@ X199.1@4 Y45.304

GO X198.504 Y44.622

G1 F2008(E-6.5 X move
GO F9000 X170.124 Y16.263

GO [X168.839 ¥16.263

GO X46.169 Y16.263 Y move
GO X44.884(Y16.263

GO X16.263 Y16.263

Extrusion

Filament retraction

|; LAYER:55 Z move

GO X16.263 Y16.263(Z12.29

sTYPE:FILL

G1 F3eea |E6.5 Undo filament retraction

Figure 1.2 Typical example of ME AM G-code

Each letter prefix denotes a specific command. In the above example. X, Y and Z correspond to
positions in space. These may be relative to the previous position if the G91 command is used at the
beginning of the code, or absolute values as in the figure above. Similarly, E commands correspond to
an extrusion value for that particular move. This value represents the length of filament fed into the
liquefier in that step, since the ME AM process is unique in that the filament acts as both piston and
extrudate [54]. The associated volume extruded is calculable via the filament diameter, assuming
volume conservation. The other most commonly-used command is the F value, which denotes the

speed of movement in units of mm per minute.



The final component is built up through the step-by-step execution of the G-code. The nozzle is
moved within the XY plane together with extrusion volumes to deposit individual strands at the sub-
millimetre scale. A typical layer consists of one or more contour-parallel perimeter depositions and
infill. Once the layer is finished, the nozzle is raised in the Z axis by the layer height and begins the
next layer. As a result, a “staircase” error on sloped surfaces associated with the layer-by-layer
approach is unavoidable [55,56]. The algorithms that control toolpaths and deposition volumes vary
by slicer, and can have a significant effect on the properties of the final component [57-59].

1.3.3. ME AM STRENGTHS AND LIMITATIONS
As noted previously, ME AM is one of the most popular AM technologies. ME AM is effectively a
combination of two well-understood processes; extrusion and Computer Numerical Control (CNC)
positional movement. As such, it is relatively simple and avoids complex components such as lasers
[60] and digital light masks. Build volumes are often higher than with other AM technologies [12]
[61], as the main restriction on volume is the XYZ motion mechanism. It is also highly cost effective
[34,49], with low machine, material and maintenance costs [12], making it particularly well-suited to
hobbyists [49]. In addition, as with other AM technologies, complex shapes can be manufactured [62]
more quickly than other conventional manufacturing processes [12,24] without the need for tooling
[62].

However, ME AM also has a number of limitations. It is commonly characterised as exhibiting poor
guality, including dimensional accuracy [49,62-64] and precision [12,63,65], which are key factors in
the applicability of the technology [66]. Surface finish is also often inferior to other AM processes
[49,63], largely due to the staircase effect on sloped surfaces mentioned previously. Furthermore, ME
AM has been demonstrated to be less suitable for producing small-scale features [64] and requires
support for overhanging features [67]. Materials are somewhat limited; in particular the highly-
crystalline polymers often used in more conventional technologies shrink significantly upon
solidification leading to poor print bed adhesion and part warpage [34]. The limitations above reduce
technology adoption [12]. Therefore, understanding the nature of these limitations and developing

appropriate solutions will allow the full potential of this technology to be realised.

1.4.RESEARCH QUESTIONS AND THESIS STRUCTURE

1.4.1. RESEARCH QUESTIONS
This thesis seeks to experimentally investigate the accuracy and precision performance of the ME AM

manufacturing process. In particular, it considers three main aspects;

1) What is the current performance of the ME AM manufacturing process?

a. What is the level of accuracy and precision that is typically achievable?



b. Therefore, what tolerance should designers use to ensure components can be
assembled?
c. What is the nature of dimensional error and where are these errors concentrated?
d. What factors influence these errors?
2) What immediate improvements can be made that will benefit the average user without
physical modification to the existing process?
3) What wider changes can be made to the process to improve accuracy and precision?

1.4.2. THESIS STRUCTURE AND APPROACH
Given the research questions highlighted above, this thesis is structured in order to explore the three
aspects in turn. Clearly, the current process performance must be sufficiently characterised prior to
exploring both immediate improvement and potential subsequent changes to the process itself. This

thesis is therefore structured as follows:

Section 2 provides a review of extant ME AM accuracy and precision experimental literature. This
summarises all experimental work to date in order to understand the current performance of the
process across a wide variety of machines, materials, parameters and component designs.
Furthermore, research gaps are identified from this review which form the basis for the subsequent
current ME AM performance experimentation.

Section 3 takes the gaps identified in the previous literature review section as the basis for specific
experimental work covering the current performance of the ME AM process. This provides error
magnitudes, precision data and helps inform the nature of the dimensional errors observed. Following
this experimentation and analysis, a framework for the characterisation of errors is developed which

then forms the basis for the following three experimental chapters.

Sections 4, 5 and 6 conduct experimental work to explore specific aspects of the achievable
performance utilising the current process. The positional accuracy of ME AM machines is first
considered. Next, steady state micro-level morphology is explored. Finally, XY plane geometrical

inaccuracies at direction changes and joints are experimentally determined.

Following the experimental error characterisation work undertaken in the previous four sections,
Section 7 then considers error improvement. Potential approaches to improve the ME AM process are
outlined, and existing studies in each of these areas discussed to understand the improvements made
to date. A potential new machine design element is posited as a means of process improvement, to

subsequently be explored experimentally.

Sections 8 and 9 utilise the machine modification identified in Section 7 as the basis for targeted
experimentation. First, steady-state micro-level morphology is explored with an updated print nozzle

design, in a repeat of the experimentation carried out in Section 5. Next, a modified machine



incorporating a fourth (rotational) axis and a novel print nozzle is used to assess XY plane
geometrical accuracy in a direct comparison to the current process performance experimentation
carried out in Section 6. Any limitations to this new approach are discussed and potential for

improvements considered.

Finally, Section 10 comprises an overarching discussion of the work contained in this thesis.

Conclusions are presented and areas of future work suggested.



2. MATERIAL EXTRUSION ADDITIVE MANUFACTURING ACCURACY

AND PRECISION

For ME AM to be valued as a reliable prototyping or production process by designers, accuracy and
precision are two critical performance aspects that must be optimised and as Haghighi [68] stated, it is
therefore important to draw the distinction between these two. Bochmann et al. [69] stated that
accuracy is a measure of the deviation of average measurements against their intended value, whilst
precision concerns the degree of variability, or repeatability of the process. In their study, precision
related to 90% of measurements about the mean but other precision measures are often used instead.
In addition to these dimensional metrics, geometrical accuracy is also introduced. This relates to
specific geometrical deviations such as circularity, flatness and squareness error. Representations of
these are shown in Figure 2.1.
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Figure 2.1 Representations of dimensional accuracy, dimensional precision and geometrical accuracy

Throughout this thesis, dimensional accuracy data is generated by subtracting the measured dimension
from the nominal dimension for both macro component features and later, for individual deposited
strands. Where multiple measurements are taken either across the same feature or across different
features on the same component, an average (mean) dimensional accuracy figure is generated. This
may be an average offset where both the magnitude and sign of all deviations are used. Alternatively,
an average error can be calculated where only the magnitude is used. In the former example, two
deviations of +0.5mm and -0.5mm respectively average to a value of 0Omm, whereas the latter
example yields an average error of 0.5mm. As noted above, precision instead considers the variability
of measured dimensions. Using the same measured values that inform average dimensional accuracy,
a measure of variability can be generated. The magnitude/sign accuracy metric combined with a
precision metric is a common combination, as together they capture process error offset (accuracy)

and repeatability (precision).



It should be noted that precision can be considered as variability in two main respects. The first is to
consider variability of the measured versus nominal dimensions across a component. For a basic
component such as a cube or cylinder, this could be the variability of the error for either the face-to-
opposite-face dimensions or cylinder diameter measurements. This could equally be applied to more
complex components with many varied features. A second measure is the variability between
different components of the same design. This can be either components manufactured within the

same print, between prints on the same machine, or between prints on different machines.

Stratasys state in their FDM Design Guidelines documentation that the tolerance required (for
assemblies not printed in the fully assembled state) is equal to the tolerance of the (FDM) machine
itself [70]. As Relvas et al. [71] stated, manufacturers usually provide some basic capability ranges for
their machine but this data is usually sparse and poorly defined. In any case, this performance is
expected to vary with many other factors including component design and the material used. As a
result, it is currently not clear what level of tolerance should be used for assembled components.
Similarly, average dimensional accuracy figures are never quoted, perhaps because to recognise an
average error could suggest a poorly calibrated machine or process. For a non-zero dimensional error,
the tolerance must account both for this and the process variability. However, it is more
straightforward to account for average dimensional accuracy error given its predictable nature. In

contrast, random factors will always result in some degree of variability.

Ultimately, both accuracy and precision are crucial because they have a direct influence on the
usability of manufactured components. This is especially true for assembled components, where the
fit of one part with another is critical for their proper function. As was previously noted, there is often
a lack of clear information regarding the tolerances that should be used for AM processes, including
for desktop ME AM machines. This is in contrast to more traditional processes, where process
capabilities have been established in much greater detail. As a result, the ME AM process often leads
to users adopting an iterative approach to component production. For example, as demonstrated in
Figure 2.2, for the fabrication of a box and lid the user will typically build in some small tolerance for
the production of the initial components. This may be based on expectations from alternative
processes such as injection moulding or machining. These will often be proven too small after both
components are produced, so the user iterates the virtual design until a suitable fit is achieved. With
long build times, this iteration is undesirable and is also wasteful of raw material. However, without

greater certainty on dimensional accuracy and precision, designers currently have little alternative.
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Figure 2.2 Iterative approach for ME AM component production

To meet the full potential of the ME AM process, these quality issues must first be characterised in
detail before solutions may be implemented. This will ultimately serve to provide a more capable
technology which is more likely to see widespread adoption and therefore deliver the greatest benefits

possible.

2.1.ME AM EXPERIMENTAL ACCURACY AND PRECISION LITERATURE

There is a large body of extant literature that explores the performance of the ME AM process. In this
review, only studies that conduct physical experimentation and subsequently measure the fabricated
component are included. For clarity, this requires a nominal dimension to have been determined at the
component design stage and physical component to be produced, followed by measurement and
comparison with the nominal values. Other, more specific literature reviews are included in the

relevant experimental sections throughout this thesis.

Collating and analysing the component error studies in this section confers multiple benefits. First, it
provides a comprehensive collection of all experimental work in a single location. It also allows
macro analysis of the studies including temporal and geographic distribution, study methodologies

and materials. Finally, it enables a summary of accuracy and precision findings across all studies.

2.1.1. LITERATURE SEARCH METHODOLOGY
In order to comprehensively analyse the extant experimental literature a rigorous review was
undertaken. Two separate approaches were taken to capture as much literature as possible. First, a
non-systematic scoping study was conducted to assess the subject area and understand the key terms
and aspects that should be considered as part of a more detailed search. This initial approach consisted

of utilising Google Scholar to search the combination of the most common technology terms (i.e.
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Fused Deposition Modelling, FDM, Fused Filament Fabrication, FFF and Material Extrusion Additive
Manufacturing) with the keywords ‘accuracy’ and ‘precision’. Upon exploring the results, alternative
platforms including specific journals and Mendeley reference management software provided
recommendations for additional studies. Together with the results of the initial searches, these helped
inform further areas to be searched. As an example, it became clear that some experimental work
captured the accuracy of manufactured ME AM components as a comparison with other technologies
in a ‘benchmarking’ study. Such studies would not necessarily be returned as a result of ‘accuracy’ or

‘precision’ searches, but nevertheless contained relevant work.

The second approach comprised a thorough systematic review. This utilised the Scopus literature
database. Broadly, this took the form of four major stages in line with PRISMA principles [72,73]:
identification of potentially relevant studies, review, inclusion/analysis and the final collection of
studies. This second approach consisted of a more detailed search coupling methodology, again
utilising a wide range of terms for the technology in conjunction with key words. For this, the
following search terms were used to cover the technology itself: ‘Fused Deposition Modelling’,
‘FDM’, ‘Fused Filament Fabrication’, ‘FFF’, ‘Material Extrusion Additive Manufacturing’, ‘ME
AM’, ‘Fused Layer Modelling’, ‘FLM’, ‘3D Printing’, ‘3DP’ and ‘Rapid Prototyping’. These were
coupled with key words both as a full search term and with the use of the Boolean operator ‘AND”’.
The key words used with the technology search terms listed above were; ‘accuracy’, ‘precision’,
‘comparison’, ‘benchmark’, ‘dimensional accuracy’, ‘geometry’, ‘geometrical’, ‘repeatability’,
‘error’, ‘warpage’ and ‘shrinkage’. An initial review of the search results determined the likelihood of
relevant material based on the study title. This first categorisation returned approximately 25% of all
search results as potentially relevant. As a first stage, the most highly cited papers were reviewed and
any papers that were referenced by these or citations of them were collected in a process commonly
referred to as ‘snowballing’. Once a full list of potential studies were created, each study was
reviewed to assess for experimental accuracy or precision data and if present, the study was included
in this review. Further upstream and downstream snowballing was then performed on these papers in

order to gain additional studies.

Collectively, these additional searches returned many thousands of results. A total of 306
experimental articles were ultimately deemed directly relevant based on their titles and abstracts and
were therefore analysed for this review. 204 of these are directly cited within this thesis, where each
study’s findings are referenced in detail. The remaining 102 [74-175] are used to inform the analysis
in this section, but are not directly cited otherwise. 231 studies were available in Web of Science’s
database. Using this allowed analysis through CitNetExplorer’s citation network tool which enables a
visualisation of the citation and reference links between studies as shown below in Figure 2.3 for the
most highly connected publications. This is also included in a larger format Section 12.1 in the

Appendix. This software includes an expansion of highly referenced studies in addition to those input.
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In this case, these are studies that do not experimentally investigate dimensional accuracy but
nevertheless are highly cited by those that do. Using this, the core publications (i.e. those cited most
often) that directly perform experimental work are; Ippolito et al., [176] Boschetto et al., [177] Peng
et al., [178] Galantucci et al., [19] Nufiez et al., [179] and El-Katatny et al., [66] Mahesh et al., [64]
Wang et al., [180] Sood et al., [181] Nanchariah et al., [182] and Tong et al. [183]. As noted, in a
small number of cases further highly cited additional studies are identified. The most prominent of
these are: Anitha et al., [184] Lee et al., [185] Ahn et al., [186] and Pandey et al., [187]. These
additional studies are all examples of pioneering studies for specific aspects of the technology such as
influencing parameters [184,185], improvements of the surface finish [187] and the anisotropic nature
of the process [186] and are widely cited on that basis.

ippalto
|

petropols hiiang

Figure 2.3 Citation network of key publications

2.1.2. EXPERIMENTAL STUDY APPROACHES
This section provides summaries of the experimental studies including publications by year,
geographic distribution and study materials and methods. This therefore provides a high-level

overview of the existing work that has been undertaken as well as informing emerging trends.

2.1.2.1. TEMPORAL DISTRIBUTION

The distribution of studies published over time is presented in Figure 2.4.
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Figure 2.4 Experimental study temporal distribution

The first experimental study was published in 1995 by Ippolito et al., [176]. From 1995 to 2008,
relatively little attention was paid to ME AM, with no more than three studies published in any one
year. In the next six years to 2013, there is evidence of some heightened interest. However, a major
increase in the number of published studies occurred in 2014 and sharply grew to a peak of
approximately 50 studies per year between 2018 and 2020. This increase broadly coincides with the
lapsing of the FDM patent in 2009, accounting for an additional period of alternative machine
development and familiarisation by researchers. It also mirrors an increase in the number of studies
published that are returned by the Scopus database using the search term ‘Additive Manufacturing’,
which shows a similar trend after 2012. The number of studies fell between 2020 and 2021,
coinciding with the COVID-19 pandemic and reduced access to laboratory facilities. Research
attention was likely directed to non-physical experimentation, given that the number of studies
identified for general additive manufacturing (i.e. via the Scopus search) does not exhibit this same
dip.

2.1.2.2. GEOGRAPHIC DISTRIBUTION
The geographic distribution of experimental studies is shown in Figure 2.5. This represents each

study’s first author’s institution, though in most cases at least one other author is also affiliated with

that same institution.
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Figure 2.5 Experimental study geographic distribution

Both figures are also included in a larger format in Section 12.1 in the Appendix. India, the United
States and China represent the three countries with the most studies at 49, 40 and 22 studies
respectively. Within these countries, there are a wide variety of authors and institutions represented.
For example, in India the 49 studies were conducted at 39 different institutions and by 38 different
lead authors. Within Europe, Italy, Spain, Poland, Germany and the United Kingdom account for the

majority of studies.

2.1.2.3. STUDY PURPOSE
Experimental studies have been conducted for several purposes. Figure 2.6 presents the number of

studies across seven principal categories.
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Figure 2.6 Experimental primary study purpose categorisation

Existing study purposes are considered in greater detail in Section 7, where particular attention is paid
to error improvement studies. In a small number of cases, a single study has multiple purposes. For
example, Petropolis et al. [188] conducted a parameter optimisation study where the layer height was
varied in conjunction with a benchmarking against the SLS AM technology. In this case, the primary
objective is recorded.

Figure 2.6 demonstrates that almost half of all studies are concerned with the optimisation of process
parameters to improve performance. There are more than 60 benchmarking studies which compare
different ME AM machines and materials as well as the ME AM process against other AM processes
and conventional technologies. The 46 error analysis studies purely state the current performance,
usually with default printing parameters. There are a smaller number of model validation, novel
improvement (e.g. new techniques, post-processes etc.) and error compensation studies. Finally, there

are two isolated studies which tests in-situ monitoring to detect errors in the process as they occur.

2.1.24. MACHINES
Across the 306 studies, more than 140 unique ME AM machines were utilised. The vast majority of
machines were used in three or fewer studies, as demonstrated in Figure 2.7. In addition, 40 studies

did not state the machine used at all, though they did state that the ME AM process was used.
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Figure 2.7 Experimental study machine utilisation

Prior to the FDM patent expiring in 2009, all studies utilised Stratasys machines. Whilst the use of
these has declined heavily since (and were used in just three of the 42 studies in 2021), this
nonetheless means that eight of the most popular machines over the entire period were manufactured
by Stratasys. Otherwise, MakerBot, Ultimaker and Prusa are the most popular manufacturers. Given
that different machines achieve nozzle motion in different ways (see Section 4 for further detail) and
with differing levels of precision, the large number of machines used suggests an additional source of

variation that is rarely discussed.

2.1.2.5. SLICING SOFTWARE
As Figure 2.8 demonstrates, fewer than half of the studies provide information regarding the slicer
used. Certain machine manufacturers produce their own slicer, such as Stratasys with their Insight
slicer and MakerBot with MakerBot Print and MakerWare. Whilst other slicers can be used with these
machines, it is likely (although not explicitly stated) that studies utilising these machines did use these
slicers. Ultimaker’s CURA software is by far the most popular, with 45 studies using it in their
experimentation. The open-source Slic3r, free MakerBot Print and paid Simplify3D are also popular,
though represent fewer than ten percent of studies combined. These results are consistent with Sljivic

et al. [58], who also identified CURA, Slic3r and Simplify3D as the most popular slicers.
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Figure 2.8 Experimental study slicer utilisation

2.1.2.6. ARTEFACT
Studies have utilised a wide variety of artefacts. These range from simple cubes and cuboids where
the three main face-to-face dimensions are collected, to highly-complex medical replicas of organs or

bones. The number of studies for six main categories of artefact are shown in Figure 2.9.
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Figure 2.9 Experimental study artefact designs
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This demonstrates that the most popular artefact is a complex test component consisting of multiple

geometries, produced specifically for the purposes of the study. Simple cubes/cuboids, medical
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replicas, other polygonal/prismatic designs and functional components each represent approximately
one sixth of studies. Tensile ‘dog bone’ components have been measured in 23 studies, in all cases
where that same component was produced for the express purpose of measuring mechanical
performance. Of relevance to later experimental work in this thesis, 78% of components contain at

least one section of vertical outer wall.

2.1.2.7. MEASUREMENT METHOD
Eight main measurement methods were identified across the studies, as shown in Figure 2.10. The use
of digital calipers to manually record dimensions was the most popular method and was utilised in 84
studies. Coordinate Measuring Machines (CMMSs) and 3D scanners were used in 76 and 68 studies
respectively, and give a greater level of dimensional data across surfaces. Micrometers were used in
26 studies, providing a similar level of information to the digital caliper measurements. Microscope

measurements were taken in 24 studies, allowing for particularly detailed measurements of smaller

features.
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Figure 2.10 Experimental study measurement methods

2.1.2.8. MATERIALS
ABS and Polylactic Acid (PLA) are by far the two most popular materials used in experimental

studies and together account for more than 96% of all materials used as demonstrated in Figure 2.11.
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Figure 2.11 Experimental study material utilisation

Whilst ABS has been used in more studies than PLA over the period examined, this is largely skewed
by its heavy use in earlier studies. In particular, the Stratasys machines used in all studies prior to
2009 exclusively used ABS or, in a small number of cases, ABS blends or other novel materials. In
more recent years, PLA has gained in popularity. Since 2017, it has been the most widely used
material and in addition, other materials have been also used far more widely as shown in Figure 2.12.
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Figure 2.12 Experimental study material utilisation over time
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2.1.3. EXPERIMENTAL STUDIES OF ACCURACY AND PRECISION
Despite the large number of studies examined, they often differ from one another in key aspects.
Whilst some studies have only characterised the process or compared it, others have made efforts to
improve performance. In addition, different machines, materials, test artefacts, slicer and print
parameters have been employed. The data presented varies significantly between studies with many
measures of dimensional error, variability or geometric error presented. As a result, direct
comparisons between studies and generalisable findings are challenging. This subsection discusses the
key approaches taken by existing experimental studies and provides typical performance figures
where possible.

2.1.3.1. DIMENSION ACCURACY
The majority of studies focused on parameter optimisation. In these, a range of parameters are varied
to produce the optimal dimensional accuracy. Such solutions therefore typically exhibit very low
dimensional error (i.e. of the order of 0.01-0.02mm or lower). Many of the parameter settings do not
align with typical values, and therefore the dimensional accuracy error presented by these studies is
not fully representative. Similarly, studies that present novel improvement approaches give an
unrealistically low error. In addition, improvement studies reduce error only for their experimental

setup and so their results cannot be considered fully generalisable.

Benchmarking, error analysis and model calibration/validation studies typically utilise default
parameters and so are better suited to represent dimensional error. Typical (average) errors range
between 0.1mm to 0.2mm across the majority of studies. However, in certain cases the error is much
higher. Both Sudin et al. [189] and Tasdemir [190] demonstrated that curved features produce greater
error than square sections, suggesting average dimensional errors of 0.2mm-0.5mm for round and
elliptical sections and spherical features. Similarly, macro component shrinkage can yield
significantly higher error. As Schumacher et al. [191] note, the ME AM process lacks holding
pressure and so generates higher shrinkage error compared to other processes such as injection
moulding. The majority of shrinkage studies utilise ABS, which exhibits greater volumetric change on
solidification owing to its higher crystallinity [61]. These studies typically calculate shrinkage

compensation factors (SCFs) and commonly determine error of 1% or greater [192-196].

A small number of studies have examined dimensional accuracy performance between ME AM
machines, different materials and in different axis directions and locations on the build plate. In
general, no strong trend has been determined for any of these factors; rather individual studies have
identified specific behaviour for each experimental setup. For example, Gulanova et al. [23] compared
the performance of four machines and four materials and found all average deviations to be between
0.10 and 0.19mm. Similarly, Sljivic et al. [197] compared two consumer grade machines with a

‘professional’ machine. This showed slightly improved performance for the professional machine,
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though only on a highly intricate artefact with very small features. Clemon et al. [198] stated that the
guoted machine resolutions, often higher for more expensive machines, has no bearing on actual
performance and that all machines have a limit in terms of achievable feature size. Performance
across axes has been shown to vary, though results are highly specific to individual studies. A number
of studies have reported no clear difference in dimensional accuracy for the X, Y and Z axes [199-
204]. Others have reported various combinations; X worse than Y/Z [183], X worse than Y [71], Z
worse than X/Y [179,205,206], Y better than X/Z [69], Z better than X/Y [207-210]. Only very few
studies have investigated dimensional performance across the build plate. These have typically
hypothesised an error resulting from non-uniform heating of an enclosed printing envelope to limit the
shrinkage and warpage of ABS, which Pennington et al. [211] showed to be a statistically significant
factor. Other studies have found no relationship [212,213], whilst some have found slight differences
either with performance being best at the centre of the build plate [69] or at the edges [214,215].

2.1.3.2. DIMENSION PRECISION
As Velineni et al. [216] noted, reproducibility is a major challenge for AM, particularly for
interference fit or assembly of components [217]. The original developers of the ME AM process,
Stratasys, claim an accuracy of £0.127mm or 0.04mm per mm, based on a detailed study with
multiple components [218]. However, some studies suggest that precision performance is worse than
this and can vary with many other factors including machine, material and component design.
Existing studies have captured process variability in many different ways. These include: max-to-min
ranges [199,219], specific percentile ranges [220], interquartile ranges (IQRs) [221], standard
deviation, process capability, repeatability coefficients [222] and International Tolerance (IT) grades.
Each of these effectively captures the spread of measured values about a mean, whilst some also

account for an average process offset (i.e. average dimensional accuracy error).

Johnson et al. [223] investigated two separate ME AM machines, a high-end Stratasys SST and
desktop Cupcake CNC. They determined the dimensional precision to be superior for the Stratasys,
and that most dimensions were within 0.5mm of the nominal value. However, fewer than 80% of data
points on the Cupcake fell within 0.2mm and approximately 1% of measurements fell outside of this
range for the Stratasys, despite the claimed precision noted earlier. Other studies have typically
reported precision of approximately +0.1-0.2mm [218,224-231], though as much as +0.5mm for some

more complex artefacts [232,233].

Standard deviation has commonly been determined in experimental studies. A single standard
deviation either side of the mean represents approximately 68% of all values, and therefore has a
lower value than many other precision metrics. Reported standard deviations have typically been
around 0.1mm or lower [226,234-240] or 0.1-0.3% [241,242].
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IT grades are used to classify achievable tolerances for a given process. Values are calculated
according to the formulae included in the 1SO 286-1-2010 [243] standard shown below.

T = 10°2UT6-1(0.453D + 0.001D)
where: T = tolerance, ITG = IT Grade, D = geometric mean dimension

This relates the tolerance, T (often taken as 95" percentile of values [244]) and the mean dimensions
of the feature being measured D to an IT Grade value. Many studies have calculated IT grades
[14,41,176,202,218,234,244-255], and have found values of between IT5 [254] and IT16 [176]. These
are dependent of the feature geometry and size and other factors including machine and material. The
majority of studies report a range of approximately five IT grades for the specific experimental setup,

demonstrating the highly variable nature of tolerances across different component features.

A further precision metric explored in some studies is process capability (Cyx), @ measure of the
capability of a process to provide output that is within the process specification limits (upper and
lower, USL and LSL respectively). The Cyk calculation for an offset process is as follows:

. USL—p p—LSL
Cpk:mm( 3¢ ' 30 )

Equation 1: Cy calculation

where: USL = upper specification limit, LSL = lower specification limit, p = mean, ¢ = standard
deviation. This therefore allows either a calculation of Cy for given service limits, or service limits for
a given Cpk. Singh [254] determined that Cp« values for all four measured dimensions were above a
critical value of 1.33. Mohamed et al. [6] also determined a Cy value of 3.07 based on USL/LSL error
values of 2%. However, Bodur et al. [256] found that the Cp« value was significantly too low unless

error compensation was applied.

2.1.3.3. GEOMETRICAL ACCURACY
Geometrical accuracy can be defined by many separate measures, collectively referred to as
Geometric Dimensioning and Tolerancing (GD&T) and defined in ASME Y14.5 [257] and 1SO 1101
[258].

Rupal et al. [8] proposed a generic benchmarking test artefact specific to AM to capture all the major
GD&T metrics, which subsequent studies could then utilise. However, the majority of studies have
investigated multiple GD&T measures for a specifically designed component. GD&T metrics
determine the upper and lower bounds for a given geometry. For example, a circularity measure

represents the difference between the smallest and largest circles that contain the measured perimeter.
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The following GD&T metrics have been captured in existing literature (definitions available in
Section 12.1 of the Appendix): Cylindricity [71,215,232,247,249,259,260-265], Circularity
[199,215,247,261-264,266-269], Concentricity/Coaxiality [41,71,199,244,248,262,263], Flatness
[41,71,199,215,232,244,259,247-249,262-265,270], Parallelism[41,71,199,244,248,261,265],
Straightness [199,269], Perpendicularity [41,71,199,232,248,261,265] and Angle deviation
[71,199,269]. Most reported results fall between approximately 0.1mm and 0.2mm. Angle deviations
have been reported as lower than 0.5° [71,269]. There is no clear difference in performance between
curved versus straight geometries, though coaxiality in particular provided higher levels of error at
approximately 0.5mm [71,244]. Whilst flatness errors were often of the order of 0.1mm, Minetola and
Galati [41] noted that this error increased significantly if the flat surface was inclined.

Many studies have experimentally investigated warpage, which typically manifests as straightness or
flatness error [187,191,236,271-278]. This is caused by shrinkage of the crystalline polymer and non-
uniform stress gradients developing within the layered component. For long, thin components with
poor bed adherence, this can give errors of many millimetres, far greater than the standard
dimensional errors identified previously. However, as was noted previously, ABS is more prone to
this phenomenon than the increasingly popular PLA, and measures may be taken to reduce it

including improved bed adherence, heated build envelopes and a novel slicing approaches.

2.1.4. EXPERIMENTAL LITERATURE LIMITATIONS AND IMPLICATIONS FOR
FURTHER RESEARCH

Despite the large body of literature that has been presented in this section, limitations remain. There
are a wide variety of factors which vary between studies that are known to influence results in
addition to print parameters including artefact design, slicer and materials. However, these are rarely
consistent between studies and in many cases the values for these are not stated. As a result,
individual studies produce isolated results that are therefore not typically used by current users or
manufacturers who will likely have an alternative process setup. Direct comparisons between studies
are also challenging and it is not clear what tolerances (resulting from a combination of accuracy and
precision error) should be used for interoperability of manufactured components between machines or

between prints.

It has been identified that the ME AM process is increasingly being utilised for final-use components,
including in small batches. In order to do this, multiple prints across multiple machines must be
investigated. However, only five of the 306 studies have considered more than two machines
[23,198,225,279,280] and even within these, the slicer was never stated and other factors were often
changed. To properly compare performance between fabricated components, it would therefore be
beneficial to utilise multiple machines for a standard artefact and consistent print settings. As

Mohamed et al. [6] stated, there has been a greater focus on dimensional accuracy rather than
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repeatability, particularly between prints for the same component. Additionally, as Fahad et al. [259]
noted very little attention have been paid to the repeatability of the parts produced by open-source (i.e.
lower cost, desktop) machines. Finally, performance across the three principal machine axes and
across the build plate has not been adequately addressed, especially for the more popular PLA

material.

The findings presented in this section can partially address the research questions 1a to 1d and in
particular, 1a and 1b. Although it has been noted that there are specific circumstances where errors are
higher, typical accuracy errors are of the order of 0.1-0.2mm and precision errors are +0.1-0.2mm.
However, as has been discussed, comparisons between studies with like-for-like metrics and
experimental setups is difficult and so a full assessment of tolerances between prints and machines is
not possible. The first contribution of this research is to address this with consistent component,
material and slicer but varying machines to understand the level of tolerance required for the
guaranteed assembly of fabricated components. In addition, build plate position and axis direction
effects can be studied across the same component for multiple machines, which may yield more
consistent findings than have been presented thus far. In effect, this first experimental approach may
be viewed as multiple studies in parallel which, by virtue of their consistent factors, are more

amenable to comparison.

In terms of addressing the nature of errors and factors that influence them, most studies provide only a
relatively high-level assessment or none at all. More than half of the studies conducted parameter
optimisation. This is covered in greater detail later in this thesis, though it should be noted that these
have demonstrated that a wide range of factors can influence performance but do not address the
underlying error sources. For example, changing print speed may affect multiple underlying
properties including the deposition toolpath, deposition temperature and volumetric flow rate.
Parameter optimisation studies typically present only the output of parameter changes rather than this
more fundamental behaviour, and, in the absence of slicer information, provide an incomplete picture.
Similarly, more detailed discussion regarding the nature of errors is usually not presented. More than
85% of studies perform either a parameter optimisation, benchmarking or an error analysis. As such,
in addition to the issues associated with parameter optimisations, these other studies do not seek to
understand the underlying sources of error but rather focus on simply presenting the level of error in
the existing process. This thesis is therefore structured to answer these more specific questions
regarding the nature of errors and their underlying causes. Following this, existing attempts to
improve the process can be reviewed and potential methods for further improvement investigated in
detail.
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3. CURRENT ME AM PERFORMANCE

Despite the large body of existing experimental work identified in the previous section, some
limitations in their scope was suggested. This section provides baseline experimentation of the current
ME AM process performance for a typical small batch operation. This enables a fuller understanding
of the current process capability in terms of both accuracy and precision, as well as informing where

errors are concentrated and therefore where improvements can be made.

3.1. METHODOLOGY

This experimentation has been undertaken in order to characterise the capability of current desktop
ME AM machines with respect to their X, Y and Z dimensional and geometrical accuracy and
precision.

3.1.1. TEST ARTEFACT DESIGN

As identified in the previous section and noted by Noriega et al. [281], existing experimental studies
have demonstrated that no emergent test artefact design has gained acceptance as a standard. Instead,
ad hoc test artefacts designed specifically for the metrics being explored in that particular study have
been used. For this experimental work, a test artefact was designed with multiple dimensions in each
of the three axes. Z height dimensions were all set as integer multiples of the layer height (0.2mm) so
as to avoid the potential intrinsic error that can arise otherwise. The design is shown below in Figure
3.1

A
Somm LEVEL S
Z [ ..... -3 i
4omm L L LEvEL4 z
Y ;
LEFT REAR s0mm " 5 LEVEL 3
AT
20mm ‘ LEVEL 2 X
X Y
IlOmm i j LEVEL 1
FRONT RIGHT YYYyy

Figure 3.1 Current ME AM performance experimental test component design

This allows for external measurement using a CMM on each of the faces, whereas some more
complex artefacts with smaller or internal features can only be measured optically [282] or via
destructive measurement methods which can be both time consuming and inaccurate. To assess
performance across the build plate, test components were produced at the centre and at a randomly
selected front corner in each print. The front location was selected as it was expected that there may
be greater errors here, since on two of the three machines the Z drive screw was located at the rear

leaving the front unsupported.
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3.1.2. ME AM DEeskTOP MACHINE CHOICE
The three desktop machines were selected to represent a range of price points (for similar build size
capabilities), and therefore potential quality differentials. Machine specifications are listed in Table
3.1 for reference and comparison. The resolutions included here represent a minimum theoretical
movement for each axis (i.e. a product of minimum step rotation angle on the stepper motor and

diameter of the drive wheel) rather than the actual accuracy or precision performance achievable.

ANet A8 MakerBot Replicator Ultimaker 3
. Belt drive, nozzle assembly Belt drive, nozzle assembly Belt drive, nozzle assembly
X axis movement
moved moved moved
\ axis movement Belt drive, build plate moved Belt drive, nozzle assembly Belt drive, nozzle assembly
moved moved
Z axis movement Lead screvn\:,()ccéézle gantry Lead screw, build plate moved Lead screw, build plate moved
Filament size 1.75mm 1.75mm 2.85mm
Nozzle diameter 0.4mm 0.4mm 0.4mm
Feed mechanism Direct Direct Bowden
Approximate price GBP150 (kit) GBP1500 GBP3500
Build volume 220 x 220 x 240mm 252 x 199 x 150mm 215 x 215 x 200 mm
Heated bed Yes No Yes
X Resolution 0.012 mm 0.011mm 0.0125mm
Y Resolution 0.012 mm 0.011mm 0.0125mm
Z Resolution 0.004 mm 0.0025mm 0.0025mm
Min. layer 0.1mm 0.1mm 0.02mm
resolution

Table 3.1 Desktop ME AM machine specification

There are some notable differences in the physical design of the selected machines. The Ultimaker
uses a larger diameter filament of 2.85mm rather than 1.75mm, although all 3 utilise a 0.4mm nozzle
diameter. The machines achieve XYZ motion in various combinations of nozzle and workpiece
motion, although the X and Y axes are always belt-driven and the Z axis operated via a lead screw.
Both the ANet and Ultimaker utilise a heated print bed, whereas the MakerBot does not. Finally, there
is a clear difference in price with the ANet representing the lowest-priced ME AM machine currently
available (less than GBP150 in kit form), the MakerBot a mid-range machine at approximately
GBP1500 and the Ultimaker a high-end desktop machine costing around GBP3500.

3.1.3. PRINT PARAMETERS
Print parameters were selected in line with default values included in popular slicing software such as
CURA and Slic3r, and similar to those used in previous experimental studies. Test artefacts were
fabricated from PLA. PLA is non-toxic and biodegradable with limited shrinkage [61], and as was
previously demonstrated has become increasingly popular in recent years. Material was held constant
between prints and machines (i.e. manufacturer, colour and batch). The parameters selected for

experimentation are shown in Table 3.2.
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ANet A8 MakerBot Replicator Ultimaker 3
Layer height (mm) 0.2 0.2 0.2
Wall line count 2 2 2
Infill density (%) 10 10 10
Infill pattern Grid Diamond Grid
Printing temperature (°C) 200 200 200
Bed temperature (°C) 60 N/A 60
Print speed (mms™?) 30 ‘Default’ 30
Travel speed (mms™) 150 150 150
Retraction Distance (mm) 6.5 6.5 6.5
Retraction Speed (mms™) 50 ‘Default’ 50
Roof Thickness (mm) 0.8 0.8 0.8
Floor thickness (mm) 0.8 0.8 0.8

Table 3.2 Desktop ME AM print parameters

3.1.4. COMPONENT PRODUCTION AND MEASUREMENT
Ten prints with two components each were fabricated on the three machines, producing a total of 60
components. This provides significantly more examples of nominally identical components at the
same orientation than any previous study. Prints were conducted at an ambient temperature of
approximately 21°C, although other environment factors such as humidity were not explicitly noted.
In addition, no specific environmental metrics were recorded at the point of measurement though
these were likely similar to the point of printing. Theoretically, increased ambient temperature and
humidity will lead to increases in measured dimensions, although PLA is less susceptible than some
other polymers such as Nylon. Nonetheless, the lack of detailed environmental control is consistent
with previous studies, which seldom report such metrics. The prints were conducted in a standard
laboratory facility in the University’s Engineering Department, and measurements taken in the
metrology facilities. Both were out of direct sunlight or sources of moisture and likely represent
somewhat typical printing conditions as any user might experience. Nine measurements were then
taken on each vertical face using a CMM, a common technique in the metrology of AM parts as
demonstrated in previous studies [253,281,283]. All measurements were conducted approximately 2-4
weeks after the fabrication of the specimens, which were stored away from direct sunlight or sources
of moisture in the interim. The Mitotoyo Euro-M 544 CMM was utilised, which has a stated accuracy
of 5+5L/1000um or 5.25um for the largest feature size on the artefact being measured (Status
Metrology 2017).

In addition, eight measurements were taken on each of the horizontal faces (nine on the uppermost
face) including the reference flange at the bottom. X and Y measurements represent the distance
between matching points on opposite faces, and Z measurements were taken relative to the lower
flange (see Figure 3.1). The measured point positions (for level 1 as an example) are shown in Figure
3.2. In total, 221 individual points were collected per component or 131 measured dimensions (45 X,

45Y and 41 Z measurements).
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Figure 3.2 Representative X/Y (left) and Z (right) measurement positions

Care was taken to ensure measurements were taken as close to the edge of each face and at the centre
as possible. The real time CMM position readout was used to ensure an equal spacing between the

left, central and right points of measurement on each face.

3.2.RESULTS
In this section, the results of the dimensional measurements are displayed. The appendix contains
detailed numerical results for each of the three machines, the mean, maximum and minimum error, as
well as standard deviations for the X,Y and Z axes and levels 1-5 for both centre and corner
components. The total error distribution for the three axes is presented in this section, where each data
point represents a measured dimension minus the nominal. Finally, a geometrical error representation
is provided, showing the average measured dimension as a proportion of the nominal across the

component’s features.
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3.2.1. ANETAS8
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Figure 3.4 ANet A8 X/Y dimensions as % of nominal (Left: Top view, Top right: Front view, Bottom right: Left
view)
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3.2.2. MAKERBOT REPLICATOR
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Figure 3.5 MakerBot Replicator distribution of dimensional error
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Figure 3.6 MakerBot Replicator X/Y dimensions as % of nominal (Left: Top view, Top right: Front view,
Bottom right: Left view)
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3.2.3. ULTIMAKER 3
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Figure 3.7 Ultimaker 3 distribution of dimensional error
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Figure 3.8 Ultimaker 3 X/Y dimensions as % of nominal (Left: Top view, Top right: Front view, Bottom right:
Left view)
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ANet A8

MakerBot Replicator

Ultimaker 3

Dimensional Accuracy

Average X
Average Y
Average Z

Centre vs. Corner
components

-0.01mm (-0.40%)
0.11mm (0.74%)
-0.05mm (-0.18%)

Corner significantly less
accurate for Y axis only

0.03mm (0.58%)
0.13mm (1.37%)
-0.07mm (-0.24%)

Corner less accurate for Y and
Z axes, more accurate for X
axis

0.15mm (1.17%)

0.16mm (1.21%)

-0.19mm (-0.69%)
Little difference

Geometrical Accuracy

X vertical

X horizontal

Y vertical

Y horizontal

z

Slightly concave for levels 1-3.
Convex level 5

Concave for levels 1-4, convex
level 5

Slightly concave for levels 1-4,
Highly convex level 5

Concave for all levels,
increasing from 1-5

Slightly concave for all levels

Concave for levels 1-4, convex
level 5

Highly concave for all levels

Slightly concave for levels 1-3.
Convex level 5

Concave for all levels,
increasing from 1-5

Slightly concave for all levels

Slightly concave for levels 1-3.
Convex level 5

Flat, but rotated relative to
square

Slightly concave for levels 1-3.
Convex level 5

Concave for all levels,
increasing from 1-5

Slightly concave for all levels

Precision

X Stand. Dev.
Y Stand. Dev.
Z Stand. Dev.

Centre vs. Corner
components

Other

0.15mm (1.33%)
0.11mm (0.86%)
0.07mm (0.37%)
Centre Z slightly lower, X
slightly higher

Poor adherence to bed if not
heated. Significant ridges in X,
Y and Z directions. Some
stringing on most parts.

0.13mm (1.21%)

0.14mm (1.73%)

0.07mm (0.36%)
Little difference for any axis

Poor adherence to bed in
Corner components. Significant
ridges in X, Y and Z directions.

Some stringing on most parts,
and some areas of clear over-
extrusion.

Table 3.3 Comparison of desktop ME AM machine accuracy and precision
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3.3.DIScuUsSION

This experimentation has investigated the dimensional accuracy, dimensional precision and
geometrical deviation of the ME AM process. This subsection discusses each of these aspects in turn,
and later the potential underlying performance of the ME AM process given the nature and
distribution of error. Finally, potential sources of error and a basic model for characterising outer

surface error are presented.

3.3.1. DIMENSIONAL ACCURACY
Average dimensional accuracy error is less than 0.25mm for all print directions, component levels and
machines as demonstrated in Figures 3.3, 3.5 and 3.7. The most expensive machine exhibits the
greatest average error (Figure 3.7) whilst the cheapest has the lowest average dimensional error
(Figure 3.3). Although a limited sample size, this suggests that with the current process machine
selection is unlikely to be the greatest factor in influencing achievable levels of dimensional accuracy.
There is no clear pattern for the achievable dimensional accuracy across different length scales,
although dimensional error as a proportion of the nominal dimension does increase as the nominal

dimension decreases suggesting the errors consists of both fixed and variable components.

Measured X and Y dimensions are typically larger than the nominal value, except for levels 1 (30mm)
and 2 (24mm) on the two cheaper machines. Average Z dimensions are always smaller than required,
regardless of the machine or dimension. Whilst on the most basic desktop machines this could be due
to a lack of calibration of the build plate, this would typically be accompanied by a flanged lower
surface which was not observed in the printed components. In addition, the Ultimaker and MakerBot
both utilise auto-levelling and height-adjustment features, and the ANet was manually levelled and
first-layer print quality checked. Instead, given this consistent behaviour, it seems likely that a blanket
adjustment to the slicer to compensate for this error would prove beneficial. Similarly, given the
excess of X and Y dimensions, these would also benefit from adjustment. On average, across all
machines and component levels, the following single compensations are suggested: -0.06mm (X axis),
-0.13mm (Y axis), +0.10mm (Z axis). Naturally, these would be subject to change depending on the
machine selected, material used and component geometry and so should not be considered as equally
applicable in all situations. In addition, the Z height is necessarily a multiple of the layer height and so

cannot be treated as a continuous variable.

A further observation is that there is no major difference between parts printed at the centre of the
build plate and those printed at the corners (i.e. dimensional accuracy is shown to be at a similar level
across the build envelope). This suggests that machine deflection leading to positional error arising
from the cantilevered print bed or deviations in the print head X-Y position is not a significant factor

when considering dimensional accuracy.
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3.3.2. DIMENSIONAL PRECISION
The precision performance of the ME AM process is crucial in terms of overall process capability.
Mean dimensional error can be improved via virtual part error compensation (either
machine/component specific or more general compensation factors as suggested above) but the same
approach cannot be used to improve precision.

The Ultimaker exceeds the precision performance of the two cheaper machines (Figure 3.7 versus
Figures 3.3 and 3.5). This is likely due to design decisions made in the selection of components and
configuration of the axes (e.g. motors, drive belts, lead screws, slideways, chassis materials etc.). This
machine also exhibits two major differences when compared to the other two machines tested: an
increased filament diameter and a Bowden (i.e. off-gantry) filament drive mechanism. It is likely that
these machine design aspects produce superior repeatability through lower extrusion variability and

reduced kinematic errors owing to the lower gantry mass.

For the two cheaper machines, the Z axis shows superior precision in comparison to the X or Y axes.
The Ultimaker maintains a similar level of precision to the other two machines in the Z direction, with
significant improvement in the X and Y directions. This suggests that if requiring a high degree of
precision for a particular dimension, that dimension should be aligned with the Z axis on either a
cheaper ME AM machine or a machine with unknown component quality and tolerances.

Many previous studies have utilised IT grades to present process precision, as was demonstrated in
Section 2.1.3.2. Using the same methodology as in these studies with the 95th percentile of the error

distribution [244], the IT grades shown in Table 3.4 are calculated.

ANet A8 MakerBot Ultimaker
X Y Z X Y Z X Y Zz
Level 1 IT 13 IT 12 IT11 IT 12 IT11 IT11 IT11 IT11 IT 12
Level 2 IT 13 IT 12 IT11 IT11 IT 12 IT11 IT 12 IT 12 IT 12
Level 3 IT 13 IT 13 IT11 IT 12 IT13 IT11 IT 12 IT 12 IT 12
Level 4 IT 13 IT 12 IT11 IT13 IT13 IT11 IT 13 IT 12 IT 12
Level 5 IT 14 IT 12 IT 10 IT13 IT 14 IT11 IT 14 IT 13 IT 12

Table 3.4 Measured IT grades

This shows that the IT grade varies from IT 14 in the worst case (in the X or Y axes, Level 5 and all
machines) to IT 10 in the best case (Z axis level 5 for the ANet). The most expensive machine has the
most consistent IT grades, and as seen previously is generally superior to the other machines for the X
and Y axes. These results are largely consistent with the existing literature, although they are higher
than the best cases calculated. This in part is due to the offset (i.e. dimensional accuracy error), which
increases the limits required to contain 95% of all error data. Suitable error compensation, such as that

suggested previously, would therefore immediately improve the IT grades.
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The calculation for Cp for an offset process was presented in Section 2.1.3.2, together with
definitions for it and the upper and lower specification limits. As Glnay et al. [246] state, in order for
a process to be deemed satisfactory a Cpk value of at least 1.33 is required such that 99.99% of
measured values lie within the specified range. Using this value of 1.33, USL and LSL may be
calculated. This gives values of between 0.3 and 0.6mm depending on the machine, print direction
and dimensional value. If two printed components (with dimensions in the range of 6mm to 50mm)
must be assembled such that 99.99% of components fit regardless of machine or print direction, a
tolerance of approximately 1.2mm should be used. This is significantly larger than the level quoted by
Stratasys of 0.127mm [284]. Such is the nature of the error distribution, the USL and LSL become
much smaller with only modest increases in the acceptable failure rate of components. Using a Cpx
value of 0.66 (where 95.45% of components are within the limits), the required tolerance reduces
from 1.2mm to 0.8mm. The required failure rate depends on the application; for large batch processes
a Cyk of 1.33 may be sensible, whereas for prototyping a lower Cpc may be suitable. Using the value
of 0.127mm as the USL and LSL, the calculated Cyk values are only greater than 1 for a small number
of print direction, dimension and machine combinations, suggesting the process would not be capable
if repeatability of the 0.127mm claimed were required. Although the Ultimaker shows improved
precision, its inferior accuracy means that there is little difference in the Cy and IT grade values
whilst the offset remains. This does, however, suggest that the Ultimaker would benefit to a greater

extent from any error compensation.

3.3.3. GEOMETRICAL ACCURACY
Some geometrical errors (i.e. deviation from straight-sided square or rectangular sections) were
observed at all levels and directions on every machine. From initial observations, it appears that the
curvature of the edges within the XY plane was mostly concentrated towards the vertical edges,
suggesting that this error is most likely to be associated with the change in direction at the corner and
necessary deceleration/acceleration of both the nozzle and extrusion mechanism rather than a more
general curvature error or warpage. A component was produced and the print aborted halfway to
obtain a cross-section as presented in Figure 3.10. This clearly demonstrates that geometrical error is

concentrated at the corners.
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Figure 3.10 Geometrical error concentrated at corners in the XY plane (side length = 30mm)

XY plane geometrical error was observed on all three machines. Z geometrical error was less
pronounced, though still present, particularly at longer length scales (i.e. on level 1). Across the three
machines tested, levels 1 to 3 generally exhibit slight concave surface curvature error. The smaller
cross-sectional areas of levels 4 and 5 exhibit much greater geometrical error - and in particular some
complex geometrical error was observed on level 5 with a mixture of concave and convex surfaces.
This phenomenon was observed on all machines. Unlike with dimensional accuracy, the most
expensive Ultimaker machine is by far the most geometrically accurate printer. Whilst these
geometrical errors may theoretically be corrected in the same way that dimensional error could be, if
the corner related-errors are more fundamental to the process it is preferable to address the cause
rather than attempt machine-specific error compensation.

Also observed were horizontal ridges evident on all components, which are inevitable given the layer-
based approach. However, vertical ridges were also present on every level. These are most noticeable
on the ANet and MakerBot artefacts, but can be seen with all three machines. It is not immediately
clear what the source of these is, but as these features did not align with the infill pattern, it is likely

that they are the result of a resonance within the system.

Stringing (i.e. fine strands of material) and other over-extrusion artefacts were observed throughout,
particularly on the two cheaper machines. This led to some highly localised dimensional or
geometrical errors, particularly at the beginning and end (‘Z-weld’) of the external perimeter which is
located on one of the 90 degree corners. The stringing is observed to be dependent on the location of a
part and the print order for that particular layer. A higher degree of stringing occurs before large
movements (i.e. from one component to another) within a layer. This suggests that part error should
not be considered solely as a single geometry in isolation, but instead depends to some extent on other

surrounding geometries and future toolpaths and extrusions.
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3.3.4. UNDERLYING PERFORMANCE
There are three ways in which the variability of the ME AM process can be characterised. The first
and simplest is to consider each measured dimensions against its nominal dimension. For example, all
nine measurements in the X axis direction on each level have the same nominal dimensions so the
error for every measurement is simply relative to this. This is the measure included in in the previous

results, which use this absolute deviation for every measurement taken.

An alternative is to take the same measurement location on any given test component and compare it
only with the same measurement location on other parts. In this approach, the reference becomes the
average of these measurements rather than the nominal dimension. In the third measure of variability,
this can be extended to be only the same measured location of parts printed in the same build position
on a machine (i.e. as per the second option but only for, say, centrally-printed artefacts). Variability
between machines is not considered here, though could potentially be of interest where the same

component is being produced in large volumes.

The primary benefit of considering these final two metrics is that they remove the accuracy error of
each measurement location and present only the precision component. There will of course be lower
variability if each measured dimension location is considered individually. For example if a specific
measurement location is always undersized by the same amount, at the individual location level this is
an example of low accuracy but high precision. By averaging all results across all positions, this
appears as a lack of repeatability, whereas if a suitable error correction was made against the intended
dimension this would not be the case. Instead, if each measurement is compared with the average
measurement at that given position then an understanding of underlying ME AM process precision

can be achieved.

By definition these error distribution curves have a mean of zero. This shows the underlying precision
of the ME AM process and is more consistent across the machines (Figures 3.11 to 3.13). This
demonstrates that at a minimum, most error is lower than 0.2mm. This also clearly characterises the
three machines and shows that underlying precision is gained when moving from the cheapest to the

most expensive machine.
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Figure 3.13 Ultimaker 3 distribution of dimensional error against the average dimension at each measured
position

Each dimension can also be compared with the same measured location on each component,

for components only in the same build plate location. This gives an even more specific

measure of precision, effectively for the same points in space within the build envelope on

any given machine. This therefore provides a best case scenario for precision, beyond which

no improvement can be made through error compensation alone and the process would

instead require some fundamental alteration. These error distributions also have a mean of

zero and a much lower deviation.
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Figure 3.14 ANet A8 distribution of dimensional error against the average dimension at each measured

position for components in the same location
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Figure 3.16 Ultimaker 3 distribution of dimensional error against the average dimension at each measured
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These error distributions show a clear improvement in precision from the cheapest to the most
expensive machine, though this effect is even more significant with this measure of variability. This
suggests that there is a greater variation across the build envelope for the cheaper machine than for the
more expensive machine. The reduced variability when normalising against position suggests that
some of the dimensional error on a component arises from a lack of geometrical calibration (i.e. they
are fairly repeatable errors) within the slicer algorithms rather than being inherent to the process itself
as a manifestation of poor underlying precision.
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Both the IT grade and Cp« value have been negatively affected by the presence of accuracy offset
errors. As a result, comprehensive error compensation would produce a significant improvement in
dimensional performance. However, even if all average dimensions could be adjusted to give perfect
average dimensional accuracy (and geometrical accuracy), there would remain the variability
demonstrated in Figures 3.14 to 3.16 for each of the machines included in this experimentation. If the
accuracy errors were completely removed (i.e. perfect error compensation were applied), the tolerance
values fall between 0.1 and 0.4mm, a significant improvement over an uncompensated process (0.3 to
0.6mm). However, if the single compensation values found in the previous subsection were used,
there would be little improvement, because the errors have been shown to vary across levels and
machines to a large extent and a single adjustment has only a small effect in the largest error cases.
Figure 3.9 shows that the Ultimaker may benefit from single adjustments, but that the other two
machines would more likely require a linear adjustment (‘scale’) factor to vary with size. Further
research would be required in order to determine whether these findings could be generalised and
applied to additional machines, geometries and materials.

In addition, error compensation of ME AM machines is not straightforward because it requires
components to be printed and measured with a high degree of accuracy. Even if a user had access to
this, any calibration component used would not necessarily produce the correct offsets for a
component with different dimensions, component design, parameter settings or material. The most
viable approach (and therefore that most often adopted) is a less thorough error compensation
amounting to trial and error at the virtual part design stage, though this carries time and cost penalties.
The various potential approaches to improving the output of the ME AM process are covered in

further detail in Section 7.

3.4 ERROR CHARACTERISATION

The results presented in this section suggest there is error across all three axes on each of the three
desktop ME AM machines. Prior to detailed experimentation to understand the nature of these errors,

their potential sources and classifications are discussed here.

3.4.1. SOURCES OF ERROR WITHIN THE ME AM PROCESS
Section 1.3.2 outlined the ME AM process. This showed that there were four main production stages:
Virtual part, STL, machine code and component fabrication. The associated sources of error are
discussed in greater detail later in Section 7, where existing and potential solutions are also

investigated.

At the virtual part production stage, there is theoretically no intrinsic error. However, it may be argued
that the inclusion of features that either induce poor performance or outright failure (e.g. very small

features, sharp corners) necessarily entail an error in the final component. Where the virtual part is
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produced not from first principles but instead from scanned data, this can introduce specific errors
[285,286].

The STL conversation requires a virtual component to be approximated to polygonal geometry. For
curved geometry this introduces chordal errors. However, CAD software packages allow the selection
of STL resolution and provided a suitable level is chosen these errors are small.

A major area of interest in ME AM is the production of G-code. This subject is covered in detail in
Section 7, where the options available to minimise errors within the current process framework are
discussed. As was noted previously, the G-code provides instructions for toolpath and extrusion. Any
error in either of these directly contributes to error in the fabricated component. The assumptions
made in this slicing procedure consider the process as predictable and consistent. Therefore whilst
adjustments can be made at this stage, they are largely done to correct for errors manifesting in the

final stage, component production.

The final stage is the physical production of the component. This requires the nozzle to move in the
X, Y and Z directions as indicated by the machine code, and extruded strands to be deposited during
each deposition movement. Errors at this stage arise from mismatches between the theoretical
geometry as described by the machine code and the physical deposition of material. Using the results
presented in this section, it was demonstrated that single axis offsets would produce superior
dimensional quality. Final deposition errors such as this can be effectively reduced from direct
modification of the machine or through the alteration of the machine code, though in many cases the

latter is more straightforward.

3.4.2. ERROR CLASSIFICATION
Macro inaccuracies may be considered as arising from errors in the outer perimeter [287,288,289]. As
such, dimensional accuracy and precision error observed for a final component can be reduced to
these same errors present in the outermost deposition. In order for this perimeter to differ from the
theoretical geometry, either of the deposited road width or toolpath must be the source of the error.

Therefore, it can be presented that;
Errormacro = fn(ErrOTposition' Errorextrusion)

The next three experimental sections explore these two sources in turn. First, the positional
performance of the machine without the extrusion process is investigated. Next, extrusion errors under

steady state print conditions and around corners in the XY plane are quantified.
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4. MACHINE POSITIONAL PERFORMANCE

In the previous section it was posited that the measured error in a printed component can be broadly
classified as either positional and extrusion error. This section investigates the first of these,

measuring the positional performance of two low-cost commercially available ME AM machines.

The vast majority of machines have three axes of movement and are usually based around a Cartesian
system [17,290]. The ME AM process effectively combines a small-scale extrusion process with
movements in three dimensions. Generating tool motion in this way is of course not limited to ME
AM but is also required in other processes such as machining operations, laser etching, cutting and
other AM technologies. As such, many robust machine design principles have already been developed

in these contexts.

ME AM machines typically vary nozzle position through movement of the X, Y and Z axes
independently, though as noted later in Section 7 some alternative designs have been developed.
Whilst there is a large body of literature that covers the physical production of ME AM components,
there has been little attention given to the decoupling of the motion performance from the overall
performance including the extrusion process. Whitney and Moultrie [17] showed that machine motion
design has shown little evolution in the 25 years since ME AM machines were first introduced. It is
therefore often assumed that the machine motion element has reached a performance plateau, and that
research efforts are better focused elsewhere.

Nevertheless, there have been some studies that have specifically addressed machine motion
performance. Kun [291] reverse engineered a low-cost desktop ME AM machine. In this, deficiencies
identified in a base machine were addressed with proposed new designs. However, this was largely a
gualitative study, and the superior performance of the updated design was not fully demonstrated.
Cunico and de Carvalho [292,293] investigated the optimisation of the ME AM positioning system
using an analytical approach in two separate studies. They described a theoretical model of machine
motion to provide an estimation of machine errors and suggested improvements. Belt stiffness, linear
bearing tolerances and ball screw accuracies were analysed and found to have a worst case error of
approximately 0.07mm. They determined that the largest contributory factors for the X and Y axes
were the pulley accuracy, whilst for the Z axis the lead screw was the dominant factor. Through the
use of higher quality components and the replacement of a linear bearing with a linear guide, this
error was estimated to be reduced by approximately 0.02mm. They also investigated the relationship
between the increased cost of higher quality components and dimensional performance. Weiss et al.
[294] noted that the presence of belt slop, motor accuracy errors and chassis dynamics mean that large
error terms are seen in practice, at least an order of magnitude higher than the resolutions quoted by
manufactures such as those included in Table 3.1. Feuerbach at al. [295] determined the performance

of three desktop machines. For each printer, they measured the accuracy of individual axes through
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the use of a dial gauge at a low speed of 4mms™. They concluded that whilst belt drives allow faster
movement than lead screws, this is at the expense of dimensional accuracy and precision

performance. Errors ranged from negligible to more than 0.1mm.

Ktodowski [290] developed a 4-link planar motion system to enable nozzle motion. This was
modelled and found to give similar performance to the traditional Cartesian approach although it
required more complex control. During their simulations they assumed a best case with nominal
stepper motor increments of 0.9°and the use of micro-stepping. Given their machine geometry, this
gave theoretical accuracy of approximately 0.02mm, whilst they calculated that traditional Cartesian
systems are capable of approximately 0.01mm. Kearney et al. [296] explored kinematic errors of a
desktop ME AM machine. They applied methodologies associated with high-precision CNC
machining systems such as kinematic error modelling and compensation together with standardised
test methods. Applying this approach to an Ultimaker machine, they reduced circularity errors by 58%

and squareness errors by 90%.

Bochmann et al. [69] stated that ME AM machines have 21 separate error components arising from
their three axes. These include scale errors, straightness errors, squareness error and roll, pitch and
yaw. They conducted columnar test prints to determine each of these, though in doing so the
presented errors represented the combination of machine movement and printing conditions.
Similarly, Song et al. [51] printed small cross-shaped components across the build envelope to
measure error prior to error compensation. However, this also failed to delineate the machine position
performance from the extrusion and deposition aspects but does give an accurate result for the two

combined.

Heras et al. [297] designed a plate levelling system to reduce first layer deposition error. This was
achieved via the use of an inductive sensor to measure the nozzle to bed distance and automatically
adjust to produce a flat build plate. This is a similar approach to the popular BLTouch hardware which

uses a microswitch to measure height but otherwise operates along the same principles.

Most filament manufacturers provide a stated accuracy and precision level. This is typically £0.05mm
or lower, as is shown in the summary later in Section 4.2.1. The only experimental results of this
available were presented by Lee et al. [298], who measured a 3mm ABS filament 30 times and found
a standard deviation of 0.014mm and Marchewka and Laska [299], who demonstrated an error of
+0.04mm across 100 measurements. Santana et al. [300] investigated the lengths of filament extruded,
and found the actual lengths were smaller than the theoretical values owing to slippage and scale error

and that error was increased at higher print speeds.

In summary, extant studies suggest a relatively low theoretical positional error of approximately 0.01-

0.02mm. However, very few studies have experimentally investigated this in isolation or determined
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the actual level of accuracy. This section therefore provides detailed experimentation of machine

positional errors as realised on current ME AM desktop machines.

4.1. METHODOLOGY

The G-code executed by Cartesian ME AM machines include four axes. These are the three
movement axes of X, Y and Z and an additional extrusion axis, denoted by E commands. To extrude
material through the nozzle, solid filament is driven into the top of the liquefier and thus acts as the
piston. The E command is therefore treated exactly as the X, Y and Z commands, whereby each
machine code line denotes a movement (in mm) and a speed. In practice, the movement speed is
applied to the X, Y and Z movement and the extrusion movement is adjusted at the machine firmware
level to theoretically match this travel. Any error in this extrusion distance therefore directly translates
to a volumetric extrusion error through the nozzle and results in filament-level dimensional
inaccuracies. Similarly, any deviations in filament cross-sectional area (most easily characterised by
the filament diameter, assuming a circular cross-section) will lead to over- or under-extrusion. The
first stage of experimentation therefore focuses on both extrusion mechanism filament drive length

errors and filament diameter error.

The second area of positional error is that of the X, Y and Z movement axes. Different desktop ME
AM machines achieve this movement utilising a variety of mechanisms which may potentially affect
the dimensional accuracy and precision that is achieved. This experimentation involved taking
multiple direct positional measurements in the three axes via various movement paths in order to
understand the nature of positional errors. Combined with the extrusion errors in the first experimental
approach, this enables a full determination of the accuracy and precision of current desktop ME AM
machines prior to the consideration of the physical extrusion process and component fabrication itself,

which will be dealt with in subsequent sections.

4.1.1. MACHINE DESIGN
As was noted previously, different desktop ME AM machines achieve their XYZ movements via
different mechanisms. Evans [301] stated that there are three fundamental aspects of an ME AM
system. These are machine architecture, electronic hardware and software. The overall performance of
a machine is therefore the product of these three aspects. Whitney [12] presented three main areas of
machine design consideration as being the build platform, material processing and relative motion.
Elshennawy [302] developed a simple way of describing machine motion (i.e. architecture, as defined
by Evans). In this, the letter F designates a fixed machine foundation and any letters to the left
indicates workpiece motion and to the right, tool/probe motion. A completely fixed workpiece would
therefore be described as FXYZ. There are two main approaches to the filament drive mechanisms.
First, the direct drive mechanism places the drive motor directly above the liquefier as part of the

gantry assembly. Second, a Bowden arrangement places the drive motor away from the gantry and
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feeds the liquefier via a guide tube. This reduces gantry mass and therefore theoretically allows for
improved accelerations and speeds, though performance can be poor for elastic materials given the

increased feed distance.

In this experimentation, desktop ME AM machines with two separate movement and extrusion
mechanisms were selected. The first machine was an ANet A8, which uses a direct drive and YFXZ
motion, though this was not the exact machine used in the previous experimentation due to a lack of
access to the original following a machine failure. The second machine was a Creality Ender-5 Pro.
This machine instead used a Bowden drive and ZFXY motion.

4.1.2. EXPERIMENTAL DESIGN
The first element of experimentation was to determine the accuracy and precision of the extrusion
mechanism of desktop ME AM machines. The extrusion mechanism was isolated from the rest of the
machine. Solid filament was fed through the extrusion mechanism using the inbuilt move axis
functionality on each machine. The filament was marked with a fine marker pen at the exit of the
filament drive mechanism after 50mm of incremental extrusion, from 0 to 500mm in total extruded
length. Each of these lengths was then measured and recorded. This process was repeated three times

on the two machines.

To determine the accuracy and precision of the filament feedstock, 50 measurements were taken using
a pair of digital Vernier calipers along a randomised one meter length of filaments of different
colours, materials, manufacturers and nominal diameters. In addition to this experimental data, a

range of manufacturer’s claimed tolerances were collected for comparison.

X, Y and Z axis positional data was collected via an analogue dial indicator, which had a stated
accuracy of £0.01mm. This was verified through the use of gauge blocks, which demonstrated an
error of less than 0.02mm across the full 25mm of travel. For the X and Y axes, this was mounted to
the print bed of the ANet and Creality machines using a custom mount fixed to the bed with adhesive
tape. The tip of the dial indicator was aligned with the centre of the print bed (i.e. at X, Y=110mm for
the ANet and X, Y=117.5mm for the Creality). The liquefier and hot end were replaced with an
aluminium fixture with a Imm machined cylindrical feature (see Figure 4.1). Similarly, for the Z axis
measurements the usual gantry equipment was replaced with the dial gauge, and an identical 1mm

cylindrical feature placed on the print bed at the central location.
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@) (b)

Figure 4.1 XYZ axes positional error experimental setup; (a) ANet A8 Z axis, (b) Creality Ender-5 Pro Y axis

Prior to collecting measurements, the full range of the dial indicator was checked to ensure that the tip
maintained contact with the top of the cylindrical feature. Given the range of the dial indicator is
25mm, this produces a maximum potential misalignment error of 0.005mm in the extreme case of the
tip moving from one edge of the 1mm cylinder to the other during the 25mm of movement. Whilst the
initial test movement of 25mm ensured the tip remained in contact with the top surface of the
cylindrical piece, and deviation from this during experimental work would quickly be characterised

by increased length measurements and therefore would trigger a rerun of that experiment.

In order to record these two error sources and collect precision data, four sets of measurements were
taken. For the purposes of this experimentation, the positive direction was considered to be left-to-
right for the X axis, rear-to-front for the Y axis and low-to-high for the Z axis.

Schematic diagrams of the four experimental measurements are shown in Figure 4.2. G-code was
produced using a bespoke G-code generator produced in Microsoft Excel. All movements were at
3600mmmint and a pause time of 3 seconds at each position was included to enable each position
value to be recorded. Experiment (a) shows the main repeatability experiment, consisting of 125
0.2mm movements from 0 to 25mm. Prior to the first measurement, a ‘prime’ movement of 0.2mm in
the first (positive) measurement direction was undertaken to ensure all experiments began under the
same conditions. This enables both a repeatability of each step (of nominal value 0.2mm) and
repeatability of position reached (e.g. after 100 steps, a nominal travel distance of 20mm). This run
was repeated three times, giving a total of 850 measurements for each axis on each machine. Backlash
measurements are also possible from this experiment by considering the initial 0.2mm movement in
either direction. Experiment (b) targets backlash behaviour specifically, moving a distance of 0.2mm
in the X, Y or Z axis, switching between the positive and negative direction for each movement. This
was repeated five times in each experimental run (i.e. each run contained ten moves) and three repeats

were conducted for a total of 30 measurements for each machine-axis. Experiment (c) combines
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backlash and scale error experimentation, taking measurements over movements of 5mm, 10mm,
15mm, 20mm and 25mm. After each position is reached there was a return to the origin, such that
every move contains both a backlash and scale error in both directions. Each run contained three
repeats and the runs were replicated three times for a total of 90 measurements for each axis. Finally,
experiment (c) was modified in (d) to add in a backlash-specific move before each major movement.
This enabled a verification of (c) by separating the backlash movement from the scale movement.
This again consisted of 90 measurements per axis.
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Figure 4.2 XYZ axes positional error experiments

4.2 RESULTS

This section contains the experimental data for extrusion lengths, filament diameters and XYZ
position error. The full data is available in Section 12.3 in the Appendix.
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4.2.1. EXTRUSION MECHANISM
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Figure 4.3 Extrusion mechanism error
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Figure 4.4 Manufacturer filament accuracy and precision specifications
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Figure 4.5 Measured filament diameter dimensional errors
4.2.2. POSITIONAL PERFORMANCE

4.2.2.1. REPEATABILITY EXPERIMENTATION

This repeatability experimentation consists of three sets of measurements.

In Figures 4.6 and 4.9, the error of each individual 0.2mm step (i.e. the difference between the

measured value and the nominal 0.2mm) is plotted.

In Figures 4.7 and 4.10, the variability of each position reached against the other instances of that
nominal position is recorded. For instance, in each experimental run in the positive X direction (i.e.
left to right) the position of 15mm from the origin is reached 3 times. These figures display the
difference between the second two readings and the first, for each of the 250 positions (125 in the
positive direction, and 125 in the negative). This is highly representative of the ME AM production
process, as when building layers on top of one another the same position is commonly required
multiple times to form a vertical wall.

Figures 4.8 and 4.11 shows data from this same approach, but for the 5mm increments between 0 and

25mm from experiment (d) and therefore has a reduced sample size.
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Figure 4.11 Creality Ender-5 Pro 0-25mm positional error distribution

4.2.2.1. POSITIONAL ACCURACY EXPERIMENTATION

Figures 4.12 and 4.13 show the results from experiment (c), where each movement contains both
backlash and scale errors.
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Figure 4.13 Creality Ender-5 Pro measured error on distance between points for X, Y and Z axes

Figures 4.14 and 4.15 show the results from experiment (d), which separates the backlash error from
the scale error, with only the scale errors shown in these figures.
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Figure 4.15 Creality Ender-5 Pro distance between points with backlash removal error distribution

4.2.2.1. BACKLASH
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Figures 4.16 and 4.17 show backlash measurements from the X, Y and Z axes for the Anet A8 and

Creality Ender-5 Pro ME AM machines. Eight experimental measurements for each axis are shown;

five in the positive and three in the negative direction. Explanations of each of these measurements

are given in Table 4.1. The solid bar on each figure represents the mean across these.
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Number Experiment Measurement direction Explanation
Difference between first 0.2mm movement in positive direction (i.e.
1 @) Positive O0mm to 0.2mm) following prime 0.2mm movement and other two
positive initial movements representing a direction change
2 (b) Positive Average of backlash experiment (b) in the positive direction
3 (©) Positive As 1 for experiment (c)
: @ e vt s "
5 ) Positive Average of positive bag)l:;isr? nﬂ(ngnztr?dT movements) errors in
6 (b) Negative As 2 in the negative direction
7 () Negative As 4 in the negative direction
8 (d) Negative As 5 in the negative direction

Table 4.1 Backlash error measurements
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Figure 4.17 Creality Ender-5 Pro backlash error distribution
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4.2.2.1. SCALE ERROR
Table 4.2 shows the six scale measurements collected across the four experiments conducted. In all
cases, the measurement represents an error per mm travelled. The solid bar on each figure again

represents the mean.

Number( Experiment Measurement direction Explanation
Average error in the positive direction between the origin
1 (@) Positive (Omm) and measured locations at 4mm increments (i.e. 6

measurements 4 to 24mm, each consisting of 20 0.2mm steps)
Implied scale error from linear line of best fit using 5mm

2 © Positive increment values in experiment (c)

3 @ Positive Average of positive movements in isolation from 0.2mm
backlash movements (e.g. movement from 0.2 to 5.2mm)

4 )] Negative As 1 for the negative direction

5 (©) Negative As 2 for the negative direction

6 (d) Negative As 3 for the negative direction

Table 4.2 Scale error measurements
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Figure 4.19 Creality Ender-5 Pro scale error
4.3.DISCUSSION

4.3.1. EXTRUSION MECHANISM
Extrusion experimentation considered filament dimension errors and errors in the length of filament
fed into the liquefier by the drive stepper motor. Figure 4.3 demonstrates that there is very little
average error for the ANet, but an under-extrusion of approximately 3% on average for the Creality.
The error was observed to be proportional to the extruded length suggesting a consistent scale error.
This most likely arises from a mismatch against the software distance calibration from a smaller drive
wheel than the software assumes. Some additional degree of filament slippage during extrusion may
be present when a pressure component is added pushing against the filament motion, though not in
this experimentation with a cold extrude and no nozzle assembly. The precision of the extrusion

length is slightly lower for the ANet at approximately +1% versus +£0.75% for the Creality.

Measured filament diameter errors were typically found to be £0.02mm for all material types,
manufacturer, colour and nominal diameter, as shown in Figure 4.5. The exception was a Velleman
light blue PLA filament, though this had a larger nominal diameter of 2.85 making the slight increase
lower in percentage terms. These results are in line with manufacturer claimed accuracy and precision

levels, which were most commonly £0.02mm or £0.03mm as displayed in Figure 4.4.

The combination of these errors gives a volumetric extrusion error. Assuming the conservation of
material volume during the deposition process, this therefore directly translates to deposited strand
width error. This suggests that an error of no greater than approximately 3%, or 0.012mm on a

nominal road width of 0.4mm, would be observed from the extrusion mechanism and filament alone.
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4.3.2. POSITIONAL PERFORMANCE
It is predicted that there are two main sources of error for X, Y and Z movement. First is a backlash
error, associated with direction changes on any given axis. This arises naturally from play within the
movement mechanism, either between the lead screw thread and the threaded piece in the case of both
Z axis movement mechanisms, or in reversal of tensile direction and play between the toothed belt
and gear as is the case with the X and Y movement mechanisms on both machines The second is a
scale error, which is expected to be proportional to the distance travelled. Like the scale error
measured in the extrusion distance experimentation discussed above, this arises from dimensional
errors in the drive gears or pitch of the lead screws. Both scale and backlash error, in addition to the
repeatability of movements (i.e. a precision assessment) are of significant benefit in the context of
component production and are therefore worth calibrating for.

4.3.2.1. REPEATABILITY
It is important to note the limitation of measurement resolution. Each 0.2mm step was recorded to the
nearest 0.01mm, with a manual reading of the analogue dial. As a result, modest scale errors of a few
percent are not properly accounted for in this experimental design. However, it can be accounted for
elsewhere and through multiple 0.2mm steps in sequence. In addition, this experimentation does

reveal any significant step deviations arising from more serious movement errors.

Repeatability of the 0.2mm increments is slightly superior for the Creality, though is less than
0.02mm for both machines. All three axes are very similar for the Creality, though the Z axis exhibits
better repeatability on the ANet. This is likely due to the poorer quality belt mechanisms used to the

drive the X and Y axes on the ANet versus the Creality.

Considering repeatability of absolute position from 0 to 25mm, the ANet again exhibits worse
repeatability than the Creality. For the ANet, the X axis shows lower repeatability than either the Y or
Z axes, as well as an offset mean suggesting greater scale error. This is likely due to higher belt
tension in the Y axis, where an additional tensioner was present in the mounting solution. The X axis
showed better repeatability on the Creality than for the other two axes. The lower repeatability of the
Z axis may arise from the machine design, where the print bed is cantilevered from the rear only. The
X axis moves on a rail, which itself moves for Y axis motion. The gantry mounting solution is much

wider in the X direction than the Y, as shown in Figure 4.20.
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Figure 4.20 Creality gantry mounting mechanism

This arrangement allows the entire nozzle assembly to rock slightly in the Y direction but not the X,
suggesting greater repeatability. The guide wheels can be adjusted as part of this design, but have
been left as assembled by the manufacturer for this experimentation.

The final repeatability experimentation shows the performance of each machine in 5mm incremental
movements. This shows that the ANet performs significantly worse than the Creality for all three
axes, although almost all measurements fall within 0.03mm of the nominal dimension. It must be
noted that these errors are relative to previous positions rather than the nominal value and as such,

demonstrate precision only and not accuracy.

4.3.2.1. BACKLASH
Measures of backlash error were possible from all four experimental approaches. Figures 4.16 and
4.17 show these for the ANet and Creality respectively. This demonstrates a maximum error of
0.077mm for the Y axis on the Creality. The X axis displays a larger error than the Y or Z axes on the
ANet. This is likely because of the addition of the tensioner on the Y axis compared to the X axis, and
the superior quality lead screw mechanism on the Z axis. For the Creality, the Y axis is worse than the
X and Z axes. As was discussed in the previous subsection, this is likely due to the gantry mounting
setup, where there is greater play in the Y direction than the X. Again, the addition of a lead screw for
the Z axis gives improved backlash error. This suggests that the biggest immediate improvements on
either machine would be to tension the belt on the X axis on the ANet and tighten the gantry for the Y

axis on the Creality.

4.3.2.2 SCALE
Scale errors are presented for movements of 5 to 25mm with and without an initial movement to
reduce the backlash impact. In both cases, a linear line of best fit can be generated as shown in

Figures 4.12 to 4.15. This shows that all three axes on both machines exhibit a clear linear scale error,
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where all movements are slightly smaller than the nominal dimension. The Z axis has a lower error
for the ANet, likely due to the superior quality of the lead screw mechanism used to move this axis.
The Y and Z axes are both better than the X axis on the Creality. This suggests a simple calibration

error in the X axis since the stepper motor and belt are both identical to the Y axis arrangement.

Three scale errors are presented for the positive and negative directions in each of the three axes in
Figures 4.18 and 4.19. This also clearly demonstrates a lower Z scale error for the ANet than the X
and Y axes, and the Y and Z axes compared to the X on the Creality. Scale errors are shown to be
consistent in both directions for every axis, with little difference between the errors determined by the
three separate experimental approaches. These are demonstrated to be between 0.001 and 0.006 mm
per mm of travel. This suggests that on the largest component direction from the previous section, an

error of up to 0.18mm smaller than nominal.

4.3.3. COMPONENT ACCURACY IMPLICATIONS
The positional errors discussed above will have an impact on the accuracy and precision of
components produced on an ME AM machine. These errors can be categorised as arising from the
extrusion mechanism (extrusion length and filament diameter) and from backlash and scale errors of
the XYZ positioning system. Clearly, the X, Y and Z backlash and scale positional errors directly
translate to errors in their respective component dimensions. However, the extrusion error must be
converted to deposited filament errors in terms of filament X, Y and Z dimensions. The next
experimental section explores filament morphology in greater detail. However, for the purposes of
this experimentation the extrusion length and filament diameter errors are combined to give a
volumetric error assuming conservation of volume, steady material flow and no filament slippage. It
is assumed that material volumetric errors do not alter the Z height of the deposited filament, which is
restrained by the nozzle itself. Therefore, only the filament width is altered and as a result only the X
or Y dimension, depending on the direction of fabrication, are affected. Given this, a 1% error in
extrusion volume leads directly to a 1% error in the deposited filament road width and so the X or Y

strand dimension depending on the direction of deposition.

Maximum, minimum, mean and the 95" percentile distributions have been calculated for a nominal
15mm square-cross-sectional component on the ANet A8 and Creality Ender-5 Pro ME AM

machines. These errors are shown below in Figure 4.21.



62

o
o
(9]
FD
Total
FD
S

F = E =
3 3 & |2 EOLE LE LE.Z 2 g
o ow m W [ B (o)A » N
m
0 b3 otz -
--
0.05 b4
§ 01 XIx
£ 015
0.2
X
0.25
-0.3
- o
0.35
0.4 X Y z X e z
ANet A8 Creality Ender-5 Pro
EL = Extrusion Length FD =Filament Diameter B = Backlash S =Scale

Figure 4.21 Positional errors of ANet and Creality ME AM machines for a theoretical 15mm cuboid component

The backlash and scale values have been taken from the most extreme of the eight or six sources
outlined in the previous section. As such, these represent a worst-case scenario for positional error.
Regardless, the average error when combining the four error sources is between 0.05 and 0.10mm for
all axes on both machines. The precision is generally £0.1mm, though is significantly improved for
the Z axis on both machines. This is likely due to the superior precision performance of the lead screw
movement mechanism used on both rather than the belt and gear used to move the X and Y axes. The
Y axis on the ANet A8 machine shows significantly higher variability than any other axis. This arises
specifically from experiment (d) which gave large scale errors for the Y axis on this machine. If
compared to the component errors in the previous experimental section, the precision error accounts
for approximately half of the values observed in that experimentation. Given accuracy errors are
likely machine-specific it is difficult to directly compare though it appears that the scale and backlash

errors are either less negative on the machines presented there or other factors counteract this error.

Figure 4.22 shows the percentage contribution of each of the positional error sources, again for a

nominal 15mm dimension.
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Figure 4.22 Percentage share of positional errors for a theoretical 15mm cuboid component

This demonstrates that the error is dominated by the XYZ positional error rather than filament-related
error, with these areas representing more than 90% of the total mean error in all cases. Furthermore,
of this error the scale error is most significant. Although the Y axis on the ANet A8 has a much larger
error range with a 95" percentile range of 0.45mm, the mean error on this axis is no larger. This large
range in fact arises from significant errors specific to experiment (d). It is therefore likely that under
standard production conditions this error range would be lower. Backlash errors may be reduced
through improved tensioning of the belts or use of more precise components. In order to improve the
scale error, a compensation factor can immediately be applied directly within the slicer. However, the
average user cannot reasonably be expected to conduct the experimentation carried out in this section
to reduce the scale error. It would therefore be preferable for the manufacturers to better account for
the actual motion of their machines (i.e. account for the scale accuracy error) or utilise higher

precision components if the particular machine examples used in this experimentation are not typical.
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5. STEADY-STATE FILAMENT MORPHOLOGY

Previous sections have demonstrated that there exists dimensional and geometric inaccuracies in
components manufactured via desktop ME AM machines but that the positional performance of these

machines does not account for all of these errors.

As was discussed in Section 3.4, macro inaccuracies may be considered as arising from errors in the
outer perimeter [287-289], which themselves can be classified as either positional or extrusion-
related. The previous section explored the purely positional component of error — that is the positional
performance of the ME AM machine nozzle tip in 3D space. This section considers the extrusion
element, in particular the morphology of deposited material representing the outer perimeter of a

component manufactured via the ME AM process.

The ME AM process was outlined in Section 1.3.2. Here, the production of the final component was
described as resulting from the execution of G-code, which is produced by a specialist slicing
software package. This effectively determines the nozzle’s path in space (i.e. the toolpath, congruous
with other CNC processes such as machining, laser etching or other AM techniques) and extrusion
volumes for each move. To complete a single layer, one or more perimeters are deposited as well as
‘infill’. The exact nature of this infill (e.g. density, pattern) varies between slicers and can usually be
selected by the user as required. Low densities typically yield lower component strength and weight
[303-305], though clearly also have reduced print times. Similarly, the order of deposition both in
terms of infill versus perimeters and outer perimeter versus inner perimeter(s) can vary between
slicers as well as the default number of perimeters. Finally, a crucial aspect of difference between the

slicers is in their assumptions regarding deposited filament dimensions.

The key values of a deposited filament are its layer height (LH) and road width (RW). The LH is
almost always assumed to be equal to the incremental step between layers. In this respect, each
deposited layer builds up the component by exactly the layer height in the build direction regardless
of extrusion rate and therefore variabilities in this rate affect the road width alone. As a result, the
road width dimension is less straightforward. The volumetric flow rate of deposited material can be
thought of either with respect to time (often called printing head velocity [306], measured in mm3s
or simply mms if converted to the filament drive speed) or with respect to movement (often called
the velocity ratio, V/U [306], measured in mm? or dimensionless if filament drive speed is instead
used). Whilst RW will clearly be a function of the velocity ratio — assuming conservation of volume
and a fixed layer height — exactly how wide the individual deposited strand is requires some
assumptions. This width directly effects the component accuracy and precision. This is because if the
actual RW is not properly accounted for in the toolpath (i.e. the outer perimeter toolpath is not offset
such that the outside surface of the deposited filament is in line with the nominal geometry) then

errors will necessarily arise.
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The primary purpose of this section of experimental work is to understand and characterise the
relationship between deposition parameters and deposited filament morphology, with a particular
focus on the road width and outer perimeter geometry given their direct influence on macro accuracy
performance. This data can then be used to inform the toolpath in order to ensure optimal dimensional

accuracy.

5.1.EXTRUSION PROCESS MODELLING

This subsection presents an overview of the melting, extrusion and deposition processes. It is
important to understand the underlying nature of these in order to characterise the single-filament
deposition experiments contained within this section and the remainder of this thesis. First, a review
of the thermal processes are presented both during melting and solidification. Next, the morphology
of strands is discussed. Finally, extrusion rate limits are explored. Together, these will inform the
experimental results presented in this chapter.

5.1.1. THERMAL MODELS
Modelling the thermal behaviour of the ME AM process is important to understand both
manufacturing limits and performance characteristics. In particular, the thermal history within the
liquefier dictates the exit temperature and therefore initial conditions for solidification, whilst the
thermal history during deposition can effect both strand morphology (covered in the next subsection)
and inter-filament bonding strength. Existing models focus on these two main areas, with many

studies covering liquefier and nozzle dynamics as well as deposition thermal history.

The liquefier is an element of the ME AM machine that melts the solid feed material and extrudes the
molten material through a nozzle with a set diameter. There are two main aspects to model within the
liquefier; heat flux into the material (and therefore temperature gradients within the chamber) and

properties of the material with respect to its temperature at any given location.

Early analytical models of the liquefier typically assumed a constant wall temperature [307,308] or
constant heat flux [309]. Bellini et al. [309] presented the following equation for the necessary heat

flow, q;

pVAc
q=T-T)| —5

27[7[;

where; T = temperature at the nozzle exit, T; = temperature at the entrance to the liquefier, p = density
of the melt, v = velocity of the melt flow, A = cross-sectional area of the inner liquefier and ¢, =
specific heat capacity of the melt. The denominator within the brackets on the right represents the wall

surface area of the liquefier with length L and diameter D.
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Pandey and Prahan [310] noted that the heat capacity of the melt was often considered to be constant
(as in Bellini et al’s work [309]) but offered their own relationship between heat capacity and
temperature depending on whether the material is above or below 300K. The equation above simply
represents the mass flow rate s multiplied by the temperature delta and specific heat capacity. This
dictates how much heat energy in total must flow into the material per unit area per unit of time in
order for the desired temperature to be reached by the exit. Failure to reach this temperature may lead
to print error or failure, as discussed further in Section 5.1.3.

Yardimci et al. [307] described the heating of filament within the liquefier with a two-dimensional
axisymmetric steady-state model with the simplification of plug flow (i.e. no shearing between layers,
all fluid assumed to have constant and uniform velocity for any given cross-section). They developed
a dimensionless equation that linked temperature to radius and length in a generalised form via the
velocity and thermal diffusivity of the material. This enables the calculation of the melting point

within the liquefier and the thermal gradient of the cross-section to be estimated.

The behaviour of the material within the liquefier (given the thermal history outlined above) is a
relatively complex process to model because properties of the material within the liquefier have a
non-linear relationship with temperature and shear rate [310]. The shear rate relationship (and
therefore overall governing equation between viscosity and temperature and shear rate) are discussed
in the context of rate limits in Section 5.1.3. In addition to the shear rate-viscosity relationship, the
temperature-viscosity relationship must also be considered as clearly the material will not be
isothermal [311] throughout the deposition process (entering at approximately room temperature and
exiting close to the nozzle temperature, a difference of approximately 190°C for PLA and 220°C for
ABS). Bellini et al. [309] presented the thermal contribution to viscosity change as an Arrhenius

model when considering ABS;

H(T) = exp [a (T _1T0 T, i TO)]

where « is the energy of activation, T, is a reference temperature for which H(T)=1 and T,=0 for
temperatures T and T,. This is combined with the shear rate-viscosity relationship to give an overall
viscosity expression, and effectively acts as a hon-linear scaling factor with respect to the reference

temperature, To.

Jerez-Mesa et al. [312] conducted finite element analysis of a ME AM liquefier. In this study, they
focused on the convective heat dissipation along the liquefier body during the production of a
component. They found that airflow over the liquefier had a significant effect on the temperature
above the heating element with a reduction of around 50°C possible at higher airflow velocities.
Ouballouch et al. [313] undertook a very similar study with the same findings. Above the melt

chamber, low temperatures are preferred to avoid buckling of the filament whilst under compression.
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Jerez-Mesa et al. [314] conducted a comparative study of 3 different ME AM liquefiers with varying
geometrical designs. This found some small differences in heat dissipation, though not as significant
as changes in airflow velocity. Mackay et al. [315] determined the maximum feed velocity of an ME
AM machine with a homogenous temperature field at the nozzle exit. In this study, they assumed plug
flow in the liquefier, however Peng et al. [316] showed experimentally that this is not the case. In
their study, they introduced dye markers to characterise flow through the liquefier, and found highly
non-isothermal behaviour. This study was taken further by Pigeonneau et al. [317], who numerically
solved mass, momentum and energy conservation equations to visualise the temperature gradient
within the liquefier. This work assumed perfect contact between the melt and the liquefier walls,
though work undertaken by Serdeczny et al. [318] and Phan et al. [319] suggests that this is not the
case since they both observed lower material temperatures at the outlet than the liquefier temperature
suggesting the presence of thermal resistance. Serdeczny et al. [320] most recently provided two
models of melt flow through the liquefier. As with [317], this work again showed that the more
simplified early models of isothermal behaviour did not properly capture the melt flow behaviour.
They were able to demonstrate detailed thermal fields across the liquefier for varying feed rates and
times since the initial introduction of material. In particular, these modelling approaches were able to
capture non-steady flow of material. Similarly, Stewart et al. [321] developed a computational model
of temperature variation within the liquefier and validated this via experimental work. This also
suggested that modelling external sources of heat is more accurate than the assumption of constant
heat flux or wall temperature. Phan et al. [322] developed a numerical simulation of the melting and
pressurisation mechanism. These results showed that the incoming material melts axisymmetrically,
forming a cone of unmelted material in the centre surrounded by melted material. It also showed that

a recirculating vortex of melted polymer is formed at the entrance to the liquefier.

Whilst most modelling approaches assume a relatively large melt pool, Osswald et al. [323] instead
modelled only a melt ‘film’ at the very tip of the liquefier. They assessed the feasibility of various
nozzle geometries via this modelling and demonstrated the validity of the model through a specially-
designed extrusion apparatus. Mostafa et al. [324] developed detailed 2D and 3D numerical analysis
of the deposition process through a 90 degree bent tube in a departure from the straight liquefier
modelled in all other studies. The main flow parameters of temperature and flow rate were
investigated in a finite element approach, and thermal gradients across the liquefier demonstrated and

validated with experimentation on a desktop ME AM machine.

Vanaei et al. [325] noted that heat transfer during deposition is a complex problem to model and is
influenced by radiation, convection, and conduction. They demonstrated both experimentally and via
a computational model that a deposited layer is heated up by each of the next five deposited layers but
that the recrystallization temperature is not exceeded for any of these. Similarly, Seppala et al. [326]

undertook infrared (IR) thermography of the deposition process. This also showed some reheating of
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the two prior layers, for a period of approximately 4 seconds with a print speed of 100mms™.
Wolszczak et al. [327] similarly demonstrated this phenomena through the capture of thermograms of
a 0.3mm layer height. In this experimentation, elevated temperatures were again seen in the previous
4 or 5 layers. Xia et al. [328] developed a numerical simulation based on previous fluid flow
modelling approaches to model the fluid deposition and solidification process. This gave a detailed
approach to predict the thermal history of material following extrusion and cooling but considered the

melt chamber as a volume of molten material with the thermal modelling applied only downstream.

Zhou et al. [329] developed a thermal model which noted non-linear behaviour of thermal
conductivity. The temperature evolution of the deposited ABS filament was modelled via a finite
element analysis method, where a uniform temperature across the filament cross-section was
assumed. Zhou et al. [330] conducted both experimental and theoretical modelling work. This showed
that PLA materials had the longest thermal diffusion time for high print temperatures, high platform
temperatures, low print speeds and high layer thicknesses. Zhou and Tsieh [331] developed a finite
element model, supported by IR thermography imaging. This study focused on the temperature
history of filament interfaces and their corresponding cooling mechanism. The model demonstrated a
good degree of alignment with the experimental data, suggesting it would be applicable to bond
formation analysis. Zhou et al. [332] developed a novel voxelisation finite element simulation
approach to model the ME AM deposition process. This demonstrated that chamber temperature has a
significant effect on warping deformation of ABS components post-deposition.

Costa et al. [333] developed a predictive model of extruded filament surface temperature with varying
deposition strategies. This showed that filaments remained at slightly elevated temperatures for longer
periods of time where they interacted, but that nonetheless temperature reduced sharply post-
deposition. Costa et al. [334] modelled many aspects of the filament deposition process including
convection and radiation with the environment, conduction with support and between adjacent
strands, radiation between adjacent filaments and convection with entrapped air. Rather than
modelling the filament deposition itself, Prajapati et al. [335] modelled the thermal field in the gap
between the nozzle and the build plate. This study developed a single parameter combining mass
flowrate, heat capacity, filament size and cooling conditions to demonstrate its effect on heat transfer
in the gap. Wijnen et al. [61] developed a thermal model of multiple deposited layers to predict the
degree of warpage of thin vertical walls fabricated with PLA. D’ Amico and Peterson [336] modelled
Big Area Additive Manufacturing (BAAM) in addition to the ME AM process covered in other
studies. Through the use of finite element models, they showed that small scale ME AM loses heat at
a faster rate which decreases interlayer diffusion and weld formation. This modelling also confirmed
earlier studies which demonstrated there was significant thermal diffusion into previously-deposited

layers.
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5.1.2. DEPOSITION MORPHOLOGY MODELS
As was noted previously, slicers contain an implicit deposition morphology model. This coverts the
volumetric flow rate with respect to movement (which in turn determines the cross-sectional area) to a
deposited filament height and RW. The outer perimeter nozzle path can then be inset from the
nominal outer perimeter by a value equal to half of this implicit road width. In practice, it is the road
width that can be altered by the user in these software packages, and it is then the volumetric flow rate
which is changed to achieve this. There are two main approaches taken in popular slicers. The first,
and most simple, considers the deposited filament to have a purely rectangular cross-section, with a
height equal to the layer height. Ultimaker’s CURA slicer uses this model. For this model, the
relationship between the cross-sectional area and the road width and layer height are as per Equation
2.

A

RW = —
LH

Equation 2: Relationship between RW, deposited cross-sectional area and LH for the rectangular model

Whilst this may seem overly simplified, with multiple perimeters and potentially flow rate reductions
this may still provide an accurate final component. The second model assumes the filament cross-
section to consist of a rectangle with two semi-circular side profiles. Again, the height is considered to
be equal to the layer height, but in contrast to the previous model the width is in all cases larger at its
widest point. This model is used by the popular Slic3r software, on which a number of manufacturer
slicers are built such as Prusa’s PrusaSlicer and Creality’s Creality Slicer. The relationship between
the cross-sectional area and the road width and layer height for this model is shown in Equation 3.
RW = LH + A —n(%)z
LH

Equation 3: Relationship between Road width, cross-sectional area and layer height for the semi-circular
model

There has been a large amount of previous work on the morphology of deposited material (often
referred to as a strand or bead in existing literature) in the ME AM process. Early work focused on
aligning layers of a set height with the nominal outer surface to reduce error but more recently,
detailed filament-level studies have been undertaken. Various empirical and numerical models have
been proposed to capture the shape and dimensions of the strand which enable component surface
roughness, dimensional accuracy and internal porosity to be accurately predicted prior to component

production.

As has been noted previously, the production of a component by any AM technique requires the

building of consecutive layers. As a result, any vertically sloped surface may only be approximated by
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the collective outer surfaces of each individual layer. Such an approximation naturally leads to error,
often referred to as the staircase effect. As such, a large amount of attention has been given to edge
profile modelling, particularly with regards to increasing adherence to the nominal vertical surface

and, where possible, reducing build time.

Kulkarni and Dutta [337] described the staircase effect on sloped surfaces and developed an accurate
slicing procedure based on the local surface angle and layer cusp height. Adaptive slicing has been an
area of significant interest, whereby layer height is reduced in areas with fine features or large angles
to the build direction, but is increased in other more vertical areas. For example, Sabourin et al.
[338,339] were early developers of adaptive slicing techniques which gave build speed improvements
of up to 50% without any loss of dimensional accuracy. Adaptive slicing techniques are covered in
greater detail in Section 7.1.2, but these are usually applicable to all AM techniques as they all share
the same layer-by-layer build process. The core principle in studies of slicing procedures was the
concept of cusp height tolerance, developed by Dolenc and Makela in their 1994 study [340]. This is
the normal distance between the nominal surface and the layer boundary at any given point and is

minimised in these studies for maximum accuracy and superior surface finish.

As Pandey et al. [341] noted, all of these early studies implicitly assumed that the filament edge
profile was rectangular. However, in practice this is not the case and especially so for ME AM
compared to other AM technologies. Vasudevarao et al. [342] used a parabolic model for the filament
cross-section in a study which investigated the surface roughness of components at varying print
temperatures. Here, it was hypothesised that higher temperatures would lead to a more pronounced
curve as material flowed outwards under deposition. However, it was instead concluded that print
temperature has little effect and layer thickness and part orientation were the main contributory
factors. Similarly, Pandey et al. [55] had demonstrated that the edge profile could be approximated to
a parabola as part of their study on improving surface finish via hot cutter machining, where the tip of
each parabola was removed to improve surface roughness. In this work, the height of parabolic curve
representing the filament side profile was shown empirically to be approximately 30-35% of the base
following surface profile experimentation. This work enabled the development of a simplified model
for the surface roughness of parts manufactured via the ME AM process. Pandey et al. [341]
presented a similar semi-empirical model which approximated to outer surface of deposited filament

to a parabola in their own study of adaptive slicing.

In two studies by Boschetto et al. [343,344], a filament model was developed which described the
component outer surface as a series of circumference arcs of radius r spaced apart by a distance f.
Where the outer surface is a vertical wall, the arc radius is assumed to be half the layer height and the
distance between arcs equal to the layer height giving a semi-circular cross-sectional morphology. As

a result of changing wall angles, the support, or lack of support and interaction with previous layers
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changes the value of both r and f enabling a predicted surface profile to be generated. The filament
profile could be higher than the layer height at larger angles, where the upper and lower surfaces were
not fully constrained by the level above and below. This model was shown to be valid for wall angles
of 30 to 150 degrees, but was not accurate outside of this range. Boschetto et al. [177] used these
filament models and developed them further to predict the surface error or surfaces at various inclines,
which could then be used to compensate for the predicted error. Gharehpapagh et al. [345] also noted
a curved side profile described by a width, A, and a height equal to the layer height Az in order to
calculate total road width as a function of flow rate. It is suggested that A can be reduced through
suitable control of the feed rate conditions. In a slight deviation from the arc approach, Bakrani Balani
et al. [346], Ma et al. [347] and Vega et al. [348] all modelled the deposited bead as an elongated oval,
with the side profile a semicircle with a radius equal to half the layer height under all conditions. This
same approach is taken by the popular Slic3r, as noted by Aksoy et al. [349]. Mcliroy et al [50]
conducted detailed polymer flow simulations, during which they also assumed an oval cross-sectional
shape though not elongated in this instance. Dabiri et al. [350] modelled the deposited filament cross-
section as almost entirely circular, although the focus in this study is on the thermal history and the
solidification process rather than microgeometry. Aksoy et al. [349] developed a detailed multi-layer
model of filament geometry based on stacked ellipses with overlaps and varying extrusion rates. This
was compared to the less complex model consisting of two semicircles (as used in many of the studies

noted above) and was found to be more accurate in predicting strand width.

Vega et al. [348] explored the use of the Volume Conserving (VOLCO) model developed at the
University of Nottingham. Gleadall et al. [351] first presented this model, which could be used to
predict the geometry of 3D printed microarchitecture, particularly for scaffolds where filaments
interact within the build plane. This model involves modelling the extruded material as voxels, and
placed material at ever-increasing radii from the nozzle tip centre, excluding voxels which were
already accounted for by previously-deposited material (hence a volume conservation model). This
approach lead to curved sides on the deposited bead, though the exact geometry depends on other
depositions and layer height and flow rate. This model was later updated as VOLCO-X [352], an
extended model which allowed for non-uniform extrusion rates and asymmetric depositions. Again,
this creates curved-sided filament geometry dependent upon other parameters but was shown to have

good correlation with supporting experimental work.

Comminal et al. [353] conducted a detailed study of the strand deposition. In this study,
Computational Fluid Dynamics (CFD) was employed to model the molten material as a fluid flow
whose dynamics are governed by the conservation of mass and the Cauchy momentum equation. This
produced very detailed predicted strand morphologies, which were then compared to idealised models
of an ellipse, oblong and cuboid depending on the process parameters selected. It showed that

filament morphology was affected by two main dimensionless factors; normalised gap (layer height
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divided by nozzle diameter) and velocity ratio (defined as the print speed divided by the speed
through the nozzle). Du et al. [354] also used CFD to model multiple layers of a single perimeter,
although this focused more on thermal gradients rather than geometry. Serdeczny et al. [355]
conducted similar experimentation, again exploring the same two dimensionless variables. This study
also showed that strand cross-sections varied from near-circular to high aspect ratio oblongs
depending on the print parameters, with curved sides in all cases. Comminal et al. [356] conducted a
further study that focused on the effect of nozzle geometry on the deposited strand cross-section. This
showed that a square nozzle did not aid the compactness (i.e. vertical and flat nature) of the deposited
strand but did increase printing force. This theoretical modelling suggested that a side plate may
improve compactness with only a modest increase in printing force for the only straight side profile
demonstrated in any detailed study.

Comminal et al. [306] conducted a study of multiple strands both vertically and horizontally. This
numerical and experimental study showed that for lower strand spacing (horizontally) there was little
effect on the outer surface roughness, but a reduction in horizontal surface roughness and reduction in
void volume was observed. Notably, it demonstrated that for lower deposition spacing values, the
strand deposited second moulds into the first strand, with the majority of the additional material in the
upper half of the printed layer giving highly asymmetric strand morphology. This was also
demonstrated by Gleadall et al. in their VOLCO-X study [352] giving rise to triangular rather than
diamond void geometry between multiple layers and perimeters. Rodriquez et al. [357] also studied
the internal geometry of both overlapping and aligned multilayer deposited strands. They showed that
the internal mesostructure could be relatively easily predicted and controlled to drive overall

component properties.

Jang et al. [358] investigated the effect of process parameters on filament geometry and inter-filament
voids. This showed curved outer geometry, although this was not quantified specifically. The study
found that layer height, print speed, extrusion rate and nozzle diameter all had a significant effect on
extruded road width and therefore also void volumes. However, only extrusion rate and print speed
affected the overall filament cross-sectional area. Similarly, Kaveh et al. [359] varied print parameters
including temperature and road spacing to understand the inter-filament void geometry. Golab et al.
[360] conducted cross-sectional experimentation on both single and multilayer depositions. This
varied the print head velocity and volumetric flow rates to understand their effect on strand shape,

though the shape was not modelled specifically.

Whilst it is clear that a large amount of work has been undertaken to understand the deposited
filament morphology, there remain some areas that have received little attention. Only recently has
inter-perimeter bonding been modelled, and experimental validation remains at the nascent stage.

Similarly, the effect of multiple adjacent perimeters on the outer perimeter surface profile remains
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poorly understood, despite the fact that most modern slicer use a minimum of two perimeters by
default. In addition, an updated and simplified outer perimeter profile as a function of actual print
parameters (e.g. actual volumetric flow rate, aspect ratio, layer height) may still prove beneficial,

especially if applicable to multiple perimeters.

5.1.3. EXTRUSION RATE LIMITS
Section 5.1.1 showed that the viscosity of the material was related both to temperature and shear rate,
where the temperature relationship was discussed in further detail. Bellini et al. [309] noted that
because the melt adheres to the liquefier walls, the material is subjected to shear deformation during
the flow. Many have stated [307-309,324] that the materials typically used in the ME AM process
exhibit shear thinning behaviour — that is that their viscosity decreases with increasing shear rate. The

following equation is typically presented:;

n=k"*
Where 7 is viscosity, y is the shear rate and k and n are consistency/flow parameters.

This can be combined with the viscosity-temperature relationship introduced in Section 5.1.1 to give

an overall expression for viscosity;

n =H(T)ny(¥)

Bellini et al. [309] combined the shear thinning and temperature-related behaviours with momentum
flux balance equations on a fluid element as per Michaeli [361] in the liquefier and extruder. To do
this, the liquefier and extruder were conceptualised as consisting of 3 regions — a straight-wall inlet
section, a conical section and a smaller straight-walled exit section for the nozzle. This provided
expressions for the pressure drop in each, which can then be summed to express the overall pressure
drop across the liquefier and nozzle assembly. The pressure drop is shown to be dependent on the

temperature, velocity and geometry of the three regions.

Pandey and Prahan [310] commented on the validity of the power law approach. They noted that the
approach was commonly adopted for its mathematical simplicity, whilst it is accepted that certain
aspects are not captured. In particular, they suggested that yield stress is not captured and that the
power law assumption may not properly account for large ranges in shear rate (Osswald and Menges
[362]). Relatively low shear stress is expected near the entrance to the liquefier, whereas it is much

higher at the nozzle exit.

Early systems commonly employed a nozzle diameter or 0.5mm and a nozzle angle of 120° (Yardimci
et al. [307]). However, this is no longer representative, with many modern ME AM desktop machines
utilising a 0.4mm nozzle as standard with an angle of approximately 85°. Ramanath et al. [308]

explored the effects of nozzle diameter and nozzle angle. They tested diameters of 0.25mm, 0.3mm
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and 0.4mm and nozzle angles of between 20° and 60°. They found that the pressure drop decreased
with increasing nozzle diameter and increasing nozzle angle. As part of their modelling of the
pressure drop, Bellini et al. [309] also included nozzle angle in their calculations. This again
demonstrated that an increasing cone angle reduced the overall pressure drop. However, this does not
account for the possible introduction of flow instabilities and vortices which may form in the corners
at high nozzle angles (Liang et al. [363]), potentially placing a limit on the optimum angle. Indeed,
Yardimci et al. [307] originally suggested that 120°was the optimal angle. In addition to the
theoretical models outlined thus far, Finite Element Analysis (FEA) models have generally shown
lower pressure drops (Pandey and Prahan [310]) owing to the mathematical simplifications contained
in their formation. FEA shows that the major pressure drop occurs due to the presence of the conical
and nozzle sections [311]. Phan et al. [322] suggested the final 0.5mm long nozzle section accounted
for almost half of the total pressure drop alone.

Whilst most studies considered the pressure only within the liquefier and nozzle, Percoco et al. [364]
developed a model of the extrusion force required as a function of layer height. They found that that
whilst the nozzle pressure increased at higher layer heights due to the increased volumetric flow, the
flow counter-pressure counteracted this such that the maximum force required was for very low layer
heights. However, within the range of normal layer heights (0.1mm to 0.4mm) the force required was
shown to increase with an approximately linear relationship for both PLA and ABS materials as a

result of increasing flow rates.

The polymer filament is in tension above the feed rollers, which pull the filament from its source and
deliver it into the melt chamber. Below the rollers the filament is in compression, pushing against the
pressure drop inside the liquefier which was demonstrated above (Bellini et al. [309]). If this pressure
drop is known, the compression force (F) required can be calculated as the total change in pressure (P)

multiplied by the cross-sectional area of the filament (A);
F=AP XA

Bellini et al. [309] calculated the required torque from the filament drive stepper motors, although in
their calculation dual motors were assumed. In the ME AM machines used for the purposes of this
thesis, a single motor is only ever employed. As such, the torque (T) and power (P) requirements are

given by the following;
T=F Xr P=w XT
where r = radius and ® = angular velocity of the drive gear.

Go et al. [365] conducted a detailed study of the rate limits of the ME AM process and produced
guidelines for a high-throughput system. In this study, three main areas of potential limit were

explored; drive force, material heating and nozzle positioning. It found that all of these placed
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potential limits on the process. The first two errors pertain directly to the force equation developed
above, whereby either insufficient force can be delivered or insufficient heat to produce a full melt
(and therefore too high a pressure drop, and too high a force) can be achieved. In their experimental
work, they found slippage of the filament drive gear against the filament to be the limitation on force
rather than the torque of the stepper motor. Luo et al. [366] developed models to predict the upper
bound of feed rates. This work focused on the relationship between the liquefier wall temperature and
Péclet number for the solid portion of the incoming filament. However, this considers only the
melting behaviour of the polymer rather than the ability of the extrusion mechanism to overcome an
increasing pressure drop. Gutowski et al. [367] looked at rate limits for a number of AM technologies.
They noted that BAAM has employed a single-barrel melt extruder fed via pellets to increase the
melting capacity of machines.

Other studies such as Gilmer et al. [54] and have suggested that filament buckling via Euler buckling
may be another failure mode, especially where ceramic materials are used (Venkataraman et al.
[311]). In one study, Mackay et al. [315] tested three different materials to empirically determine
maximum feed velocities on a desktop ME AM machine. They created master curves of
dimensionless feed velocity versus temperature to display the limits of the process for the current

machine configuration.

Ultimately, it has been demonstrated that a compressive force is required to overcome the pressure
drop across the liquefier and nozzle. The exact nature of this pressure drop is dependent on a number
of factors, but increases with lower thermal transfer to the melt, smaller nozzle diameters and
unfavourable internal geometric and increased flow rates. Under perfect conditions, an assumption of
volume conservation relative to the filament feed velocity is valid. However, where this reaches a
critical pressure drop value, the nominal extrusion rate will no longer be satisfied. In the context of the
experimentation contained within the remainder of this thesis, when close to the rate limits it is
assumed that some degree of filament slippage will occur resulting in a lower extrusion rate than the

machine code would suggest.

5.2.METHODOLOGY

The experimental work included in this section aims to aid understanding in a number of ways. First,
it will determine the exact nature of a vertical outer surface for varying layer heights, extrusion rates
(road widths) and number of adjacent perimeters. Additionally, the difference between the observed

and theoretical cross-sectional areas will help establish the rate limiting effects of the ME AM

process, particularly for a low cost desktop ME AM machine.

Section 5 described the importance of the outer perimeter in determining the accuracy of the final
manufactured component. It is therefore necessary to determine the cross-sectional measurements of

deposited material. Whilst the slicers create the outer perimeters as part of any macro component, they
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are poorly suited to create these in isolation. For particularly small or thin features, various
approximations are often made within the slicer to mitigate errors. A custom G-code generator was
therefore produced, with detailed functionality added for the purposes of this experimentation. This
custom G-code generator allows, for example, the selection of; layer height, total number of layers,
road width, slicer flow rate assumption, print speeds, print temperature and bed temperature. This
mirrors the exact outer perimeter of a number of popular slicers, though for the purpose of all
perimeter-based experimentation in this thesis Ultimaker’s CURA software assumptions are adopted.
In particular, this informs the default perimeter spacing and material flow rates for a nominal layer
height and road width. Prior to the main deposition, a ‘prime’ loop is deposited for the first layer only
(shown towards the left of the build plate represented in Figure 12.4in the Appendix). The deposition
begins well in advance of the removable slide (100mm for all experimentation) and ahead of the
deposition end (80mm) to ensure that beginning and end effects are removed as far as possible.
Yardmci [368] and later Bellini et al. [309] showed that the deposition sequence could be considered
to consist of 5 stages, including start and end stages and a middle ‘steady state’. This experimental
procedure therefore aims to produce results which represent this state away from significant changes

in direction or speed. Deposition behaviour around these changes will be investigated in later sections.

Layer height and nominal road width values were selected as shown in Table 5.1. This covers layer
heights of between 0.1 and 0.4mm and road widths from 0.2 to 1.2mm. For reference, CURA uses a
layer height of 0.2mm and a road width of 0.4mm as a default setting. Initial testing showed that road
widths of below 0.2mm (for a layer height of 0.1mm) were highly unstable as these required a 0.1mm
nozzle, and road widths of over 1.2mm similarly led to print failures. The nozzle diameter was also
changed depending on the nominal road width such that the nominal road width was never less than
the diameter and never more than twice the diameter. CURA also uses a default of F1800 (mmmin™)
for outer perimeters and F3600 for inner perimeters. However, initial experimentation showed that for
extreme parameter settings (i.e. very low or high cross-sectional areas or low aspect ratios) these print
speed settings led to total print failure. The speed was therefore reduced until an experimental
specimen could be fabricated. The final print speeds used throughout the experiments in this section
are also included in Table 5.1. All prints were carried out at 200°C and perimeter spacing was set to
be equal to the nominal road width according to CURA’s rectangular filament cross-sectional model.
As was discussed in Section 3, environmental conditions are not directly considered in the
experimentation in this section or within the remaining experimental work in the following sections,
although this is not expected to be a major influencing factor. Similarly, the time between fabrication
and measurement was never greater than 4 weeks in any instance, though was not explicitly recorded

throughout.
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. . Inner Outer
Nominal Cross- Semi-circular Nozzle

Layer height perimeter(s)  perimeter(s)

Number (mm) road width sectionalzarea m_odel road print speed print speed diameter
(mm) (mm?) width (mm) (mmmin) (mmmin-) (mm)
1 0.1 0.2 0.020 0.221 900 900 0.2
2 0.1 0.25 0.025 0.271 900 900 0.2
3 0.1 0.3 0.030 0.321 3600 1800 0.3
4 0.1 0.4 0.040 0.421 3600 1800 0.4
5 0.2 0.22 0.044 0.263 900 900 0.2
6 0.2 0.3 0.060 0.343 3600 1800 0.3
7 0.2 0.4 0.080 0.443 3600 1800 0.4
8 0.2 0.5 0.100 0.543 3600 1800 0.4
9 0.2 0.6 0.120 0.643 3600 1800 0.4
10 0.2 0.8 0.160 0.843 3600 1800 0.6
11 0.3 0.33 0.099 0.394 3600 1800 0.3
12 0.3 0.45 0.135 0.514 3600 1800 0.4
13 0.3 0.6 0.180 0.664 3600 1800 0.4
14 0.3 0.75 0.225 0.814 3600 1800 0.4
15 0.3 0.9 0.270 0.964 3600 1800 0.6
16 0.3 1.2 0.360 1.264 3600 1800 0.6
17 0.4 0.6 0.240 0.686 3600 1800 0.4
18 0.4 0.8 0.320 0.886 3600 1800 0.6
19 0.4 1 0.400 1.086 3600 1800 0.6
20 0.4 1.2 0.480 1.286 900 900 0.6

Table 5.1 Steady-state filament morphology experimental parameters

Previous studies which have taken cross-sectional images and measurements have typically set
individual filaments in resin [177,306,358,360], which is used to support the structure in subsequent
cross-sectional preparation (i.e. sanding and polishing). Many other studies do not explicitly state the
sectioning and measurement process, though to maintain geometrical integrity it is likely the majority
of these also set the sample in resin; evidence of this can often be seen in the included images. Wang
et al. [369], Takagishi et al. [370] and Wang et al. [371] used liquid nitrogen in their cross-sectional
characterisation, though this typically allowed the observation of fracture surfaces and may have led
to morphological changes as part of the measurement preparation process. Wijnen et al. [61], Gurrala
et al. [192] and Alafaghani et al. [372] took a similar approach, though did not use liquid nitrogen in
order to facilitate fracture. For the experimental procedures in this thesis that require filament cross-
sections to be assessed, the resin setting, cutting a polishing approach was taken as a proven method

which is relatively straightforward.

A low cost ANet A8 desktop ME AM machine with a v1.7 motherboard running Marlin firmware was
utilised for the production of steady state filament depositions, as per the machines used in the
previous two sections. 1.75mm PLA orange filament manufactured by Velleman was utilised
throughout, except where explicitly stated otherwise for multicolour or alternative material tests. The
bed was manually levelled in line with manufacturer recommendations, and alignment of the gantry
with the print bed checked prior to production of the samples. A bespoke print bed was designed and
fabricated from 3mm thick aluminium plate. This was covered with a plastic adhesive print bed

material and incorporated a removable acrylic slide. This was held securely in place during the print
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and flush with the build plate surface, but could then be removed and replaced between experimental

runs. This custom build plate set up is shown in Figure 5.1.

Figure 5.1 Experimental machine setup utilising a modified print bed with removable slide on ANet A8 ME AM
Desktop printer for steady state experimentation

First layer effects are difficult to properly characterise. In particular, given the manual nature of the
bed levelling process on the ANet machine the initial layer height is much harder to verify than
subsequent layer heights, which are relative only to the previous layer. As a result, the initial layer
extrusion rate was set at three times that of the subsequent layers. This ensured strong adhesion to the
acrylic slide and image analysis was then exclusively focused on the higher layers.

After production of the sample, it was cut at either side of the removable slide and the slide was
placed in a sacrificial holder. The holder was then filled with MetPrep EPO-SET resin (resin and
hardener at a ratio of 4:1) and left to harden. The resin holder was then cut 10mm from the bottom of
the holder (i.e. approximately 8mm from the rear side of the acrylic slide), sanded and polished to
reveal the strand cross-sections as per Figure 5.2. Image analysis of the cross-sections was performed

using a Zeiss Olympus BX51 TRF-6 Optical Microscope with 5x magnification.
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(a) Printed samples on (b) Printed samples (c) Samples set
removable slide in holder n resin

(d) Cross section (e) Microscope
and polish 1mage

Figure 5.2 Printed sample preparation process

Following the capture of a cross-sectional image, analysis was conducted using ImageJ and Microsoft
Excel software. Using ImageJ, five layers excluding those affected by the build plate and the
uppermost two layers, were selected. These samples show a vertical wall feature, in line with what
was previously demonstrated in Section 2 where 78% of components used in experimental studies
exhibited such geometry. The vertical reference was established using the bond areas between layers
given the symmetrical nature of the perimeters. Once the filament boundaries were identified, a
number of quality metrics were established. First, the total cross-sectional area was found, and divided
by five to give an average layer cross-sectional area. This was compared with theoretical cross-
sectional areas included in Table 5.1 to give a percentage of nominal cross-sectional area. This was
expected to be close to or slightly less than 100% in most cases. The total height of all five layers was
again captured and divided by five to calculate an average layer height. The maximum filament width
and bond width for each layer was found, and averaged across all layers as shown in Figure 5.3. The
outermost filament was considered to form the theoretical geometry boundary, and then each layer’s
deviation to this was calculated (with a minimum of one layer necessarily have a deviation of zero by

definition), and then averaged.
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Figure 5.3 Measured filament morphology errors

Finally, the outer surface was converted to XY coordinates for surface metric analysis in Microsoft
Excel. A workbook was created to calculate Rz, Ra and Rq according to the equations shown below.

Rz =Rp+Rv

Equation 4 Calculation for maximum peak to valley height across a single sampling length where Rp = peak
height and Rv = valley depth below the mean line

1 l
Ra=—f |z(x)|dx
Lo

Equation 5 Calculation for surface roughness (arithmetic average) across a sampling length where 1= sampling
length and z(x) is the height profile relative to the mean

1 l
Ra= [ f |2(0)? dx
0

Equation 6 Calculation for surface roughness (root mean square) across a sampling length
The rate limit experimentation was conducted with a similar methodology, although in this case

samples were removed on their acrylic slides and road widths measured manually with a calibrated

Vernier calipers rather than being set in resin and processed as described above.
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5.3.RESULTS
The filament morphology for single, double and triple perimeters is shown in this section. In all cases,
the leftmost perimeter represents the outer perimeter, which is deposited after any inner perimeters in
line with CURA’s default perimeter order. Full numerical results may be found in the Appendix.

5.3.1. EXPERIMENTAL MEASUREMENT VALIDATION
In order to validate the experimental measurement methodology, a cross check was performed against
identical samples. For this, the single perimeter sample number 7 from Table 5.1 was used (i.e. the
default CURA setting with a layer height of 0.2mm, road width of 0.4mm, temperature of 200°C and
print speed of 1800 mm/min). As was noted previously, it is relatively common practice to encase
samples in resin, then cut and polish to reveal the cross-section of interest. To ensure that this process
did not adversely affect the morphological integrity of the sample, a check was made between two
samples set in resin against two which were cut with a craft knife directly after production, and two
which were not cut at all but could be viewed from the side only. In additional to validation of the
morphology, there was a possibility that simply cutting the sample without the use of resin may allow
for an accurate cross-sectional image, though likely not for the more fragile samples with only a

single perimeter and low road widths.

The samples are shown below in Figure 5.4, with two samples viewed from the side, two cross-
sections with no resin, and two samples that have been set in resin, cut and polished.

1mm

(@) ®) ©

Figure 5.4 Deposition dimensions: (a) No resin preparation, side view, (b) No resin preparation, cross-
sectional view, (c) Resin preparation and polish, cross-sectional view

A height measurement was taken over 12 layers for each sample. This gave an average layer height of
0.1992mm for both the non-resin samples and 0.1987mm for the resin methodology. This suggests
that the resin setting process has very little effect on the dimensional integrity of the samples. As can
be seen in the figure above, the manual cutting process on the samples in (b) locally deforms the
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deposited filament relative to the resin sample. In order to properly characterise the filament

morphology it is therefore necessary to conduct the resin-setting process as in doing so, the
morphology of the sample is maintained.

5.3.2. SINGLE PERIMETER

1

1mm

6
11
16

Figure 5.5 Single perimeter steady state filament morphology images
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5.3.3. DOUBLE PERIMETER

Figure 5.6 Double perimeter steady state filament morphology images
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5.3.4. TRIPLE PERIMETER

Figure 5.7 Triple perimeter steady state filament morphology images
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5.3.5. OTHER MATERIALS

1mm

PLA1 PLA2 ABS 1

Figure 5.8 PLA and ABS double perimeter default print parameters comparison images

5.3.6. RATELIMITS
As was discussed in earlier in Section 5.1.3, there exist upper limits in the rate of material flow for the
ME AM process arising from limited compressive force to overcome the pressure drop across the
nozzle. The experimentation included in this subsection provides empirical data for this limit on the
ANet A8 ME AM desktop machine using PLA filament.

To investigate the actual material flow rate (i.e. the volume of material extruded through the nozzle
per unit time, also equal to the volume of unmelted filament fed into the top of the liquefier if volume
is conserved) there are two main approaches. In order to vary volumetric flow rates one can either
increase the cross-sectional area of the deposited filament for a given print speed or increase the speed
for a set cross-sectional area. In the first case, the volumetric flow rate with respect to position (mm?
per mm travelled) is increased, which therefore translates to an increased volumetric flow rate with
respect to time. In the latter case, the speed increase directly contributes to the increased volumetric

flow rate with respect to time.

Figure 5.9 shows the relationship between the extrusion rate and the measured deposited road width.
These have been produced with a temperature of 200°C and a print speed of 1800mmmin-* (30mms™).
The default EF is 1, which represents the CURA expected road width of 0.4mm and layer height of
0.4mm. With an EF of 1, the deposition cross-sectional area should therefore be 0.16mm? with

volumetric flow rates of 0.16mm3mm and 4.8 mm3s?,
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Figure 5.9 Effect of changing extrusion rate on measured road width

Figure 5.10 demonstrates the relationship between print speed and the measured deposited road width.
Again, a temperature of 200°C was used throughout, with an EF of 1.5. In this scenario, the expected

road width is therefore 0.6mm and the layer height 0.4mm.
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Figure 5.10 Effect of changing print speed on measured road width

5.4.DISCUSSION

This section discusses the data presented in the previous subsection. It covers analysis of the single,
double and triple perimeter steady state experimentation and presents an empirical model of the single
filament morphology and outer surface profile. It also covers the rate limit aspects of the perimeter
experimentation and rate limit-specific work. The focus of this experimental work is towards
dimensional accuracy rather than precision, which has been investigated in particular by Golab et al.
[360].
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5.4.1. PERIMETER EXPERIMENTATION
The single perimeter stacked filaments in Figure 5.5 demonstrate a good degree of uniformity
between layers regardless of the layer height or extrusion rate used. It is evident that the morphology
changes significantly from near-circular cross-sections for nominal aspect ratio (i.e. nominal width
with respect to layer height) values of close to 1 to far more elongated oblongs at higher extrusion
rates. Since these are a single perimeter, they are the outermost perimeter by definition and are
therefore printed at the lower print speeds indicated in Table 5.1. From the earlier modelling
discussion, these lower speeds aid heat transfer into the melt within the liquefier and the reduced
velocity also reduces the overall force required to extrude, leading to high quality steady extrusion
profiles.

The cross-sectional area observed directly corresponds to the volume, and therefore flow rate, of
material extruded. For the single perimeter prints, cross-sectional values are in the range of 80-100%
of the expected area. In cases where this value is much less than 100%, this suggests that the force
required to reach that extrusion rate cannot be applied and that there must be some slippage between
the drive wheels and the incoming filament or missed stepper motor steps. The lowest values for
cross-sectional area are mainly observed on prints with a layer height of 0.1mm and 0.4mm. The first
two 0.1mm layer height prints were conducted with a 0.2mm nozzle, the smallest of any run. Previous
discussion noted that nozzle diameter significantly affects the pressure drop across the nozzle and
therefore force required to extrude, which explains these low values. Indeed, Figure 5.11 demonstrates
that as the nozzle diameter increases, the cross-sectional area as a percentage of the nominal value

also increases although the effect of flow rates within each nozzle diameter must also be considered.
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Considering each nozzle diameter separately, as in Figure 5.12, reveals a peak extrusion rate at a mid-

range value for all 4 nozzle diameters.
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Figure 5.12 Relationship between volumetric flow rate and cross-sectional area as a percentage of the nominal
value for 0.2-0.6mm nozzles

This suggests that insufficient force is applied to reach the desired volumetric flow rates for both high
and low values. The drop at higher flow rates may be explained by insufficient thermal transfer to the
melt at high rates leading to higher viscosity material and higher pressure drop and required extrusion
force. At lower flow rates, this again suggests that insufficient force is being generated. This could be

due to the lower shear rates experienced in such flow and therefore increased viscosity of the melt.

There appears to be a ‘sweet spot” where the flow rate is very close to that expected between
experiments 6 and 9, all of which are printed at a layer height of 0.2mm. For these parameters, it is
clear that the melt is receiving sufficient thermal energy within the liquefier and that the extrusion
force provided by the stepper motor and the drive wheels is sufficient for the flow rates and 0.4mm

nozzle.

The inner perimeters in the double and triple perimeter experimentation often suffer from severe
under-extrusion. This means that adjacent perimeters exhibit no inter-perimeter bonding, which would
lead to significantly reduced component strength. This is due to the increased print speed and hence
increased flow rate required, as this is the only variable that differs with the slower outer perimeter. In
some examples, the inner perimeters could not be printed at twice the outer perimeter speed without
complete fabrication failure (i.e. the rate limit was being exceeded). Where the print speed for all
perimeters were equal, such as experiments 1, 2, 5 and 20, there is very strong uniformity between the
perimeters as would be expected. However, for large volumetric flow rates with differential print
speeds such as those in 14, 15, 16, 17 and 19, the inner perimeters exhibit significantly lower cross-

sectional areas than dictated by the G-code (although in most cases, not outright print failure).
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Between experiments 14 to 20, only experiments 18 and 20 show good rates of extrusion. This is
likely because 18 is the lowest flow rate for the larger 0.6mm nozzle, which reduces the force required
for extrusion. This suggests that the outer perimeter was not close to the rate limit of the process,
unlike for the other combinations of flow rate, layer height and nozzle diameter. Similarly, the print
speed was necessarily reduced to 900mmmin-t for experiment 20 for both outer and inner perimeters,

as the print suffered complete failure at the speeds used for the other experimental runs.

Layer heights are in all cases very close to the nominal value for all perimeters. This is unsurprising,
as this is over a small length scale and all movements in the Z direction are without backlash since
there are no direction changes.

Horizontal deviations against the nominal outer surface are small in all cases, never exceeding
0.04mm. The value of these deviations increases as layer height increases. The source of these
deviations must be either from positional error or extrusion rate irregularities. The fact that they
increase with increasing layer height (and therefore volumetric flow rate) suggest that the extrusion
rate is the dominant factor. Another observation is that the highest values tend to occur for low aspect
ratios. This is likely due to post-deposition movement owing to low bond widths between layers.

Bond widths can be seen to be highly dependent on the predicted road width as is expected. The bond
widths are therefore proportional to the volumetric flow rate (or cross-sectional area) divided by the
layer height, as shown below in Figure 5.13.
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Figure 5.13 Relationship between cross-sectional area/layer height and bond width

A model is developed in the following subsection to describe this relationship in greater detail. As
with bond widths, road widths also scale in proportion to the extruded area and layer height. This
behaviour is captured by the same model.
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The surface roughness measurements outlined in Section 5.2 increase with increasing layer height.
Given that the outer perimeter is often modelled as an arc or semicircle, it is congruent with these
models to find this relationship. Values of Ra/Rq range from approximately 0.007-0.010mm for the
0.1mm layer height to 0.030-0.045mm for a layer height of 0.4mm. Within fixed layer heights, these
measurements tend to slightly decrease with increasing volumetric flow rate. This is shown in Figure
5.14 for Rq.

0.05

0.045
0.04 ‘\\/
0.035

— 0.03
= 0.1mm
2 0.025
=2 0.2mm
M 0.02
—f— (0.3mm
0.015
—— (0. 4mm
0.01
0.005
0
0 0.1 0.2 03 0.4 05

Measured cross sectional area (mm?)

Figure 5.14 Relationship between cross-sectional area and Rq

This also suggests that for interacting filaments, the surface roughness should be slightly improved on
the outer perimeter as an inner perimeter is similar to the melt flow of a deposition with a higher

aspect ratio. This will be explored in the filament geometry models in the next sub section.

Figure 5.8 and Table 12.7 in the Appendix show a comparison between the PLA used throughout the
rest of this experimentation and another popular ME AM material, ABS. For this, the default CURA
settings were used for ABS. The only changes versus PLA in this regard are the temperatures, where a
bed temperature of 80°C and print temperature of 240°C were used instead. The dual perimeter
experiment number 7 was selected for comparison, which corresponds to the default layer height and
road width assumptions included in the slicer. Comparing the two materials, it is clear that the
extrusion rate is slightly lower for the ABS, despite its nominal value being the same. This results in
slight reductions in road and bond width and inferior surface roughness. Given this, it is likely that a
higher print temperature than the default value would yield improved results for ABS. Nonetheless,
the deposited morphology appears very similar, suggesting the steady state analysis conducted in this
section would be applicable to ABS as well as PLA, especially if compared to measured volumetric

flow rates rather than nominal.
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Where the measured extrusion rate is high enough for the inner perimeters, a good degree of bonding
between perimeters is observed. In some cases, there are little or no voids between the perimeters,
such as in the double and triple perimeter experiment numbers 7, 8, 9, 10 and 15. In order for this to
be the case, the inner perimeter volumetric flow rate must be close to the expected value to give a

road width wide enough for inter-perimeter interaction.

For more limited bonding, the void shapes are diamond in nature as in, for example, experiments 14
and 17. However, as the inner and outer perimeters have cross-sectional areas closer to the nominal
value, the degree of bonding increases. This phenomenon is described by Gleadall et al. [352],
Serdeczny et al. [306] and Kasim et al [373]. In such bonding, the upper half of the filament which is
deposited second is deformed into the adjacent layer. In more extreme examples, this changes the
diamond-shaped voids to triangular as displayed in experiments such as 7, 9 and 11. For low aspect
ratios, this has the effect of distorting the subsequent filament significantly, such as in experiment 5,

where the outer perimeter appears rotated.

Where a single colour of filament is used it is difficult to detect the boundaries between perimeters.
Specific experimentation was therefore undertaken using multiple colours of filament. Initial attempts
at creating a multi-coloured filament via thermal or adhesive joins of short sections of filament proved
problematic, where the joins often interacted with the drive wheel mechanism leading to print failures.
Instead, short sections of 41mm were manually fed into the drive mechanism as deposition was taking
place. Between layers, a sacrificial geometry was produced to allow for colour changes away from the
region of interest. The manual interaction with the gantry and filament extrusion mechanism was
expected to lead to extrusion and layer height variability, but in the context of this experimentation
this was considered beneficial as it would provide a range of filament interaction scenarios. The

results from this experimentation are shown in Figure 5.15.

0.2mm

Figure 5.15 Dual perimeter morphology
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This clearly shows that where filaments in adjacent perimeters interact, the filament which is
deposited second deforms around the first. Where the layer height is reduced or the extrusion rate is
slightly higher, the filament interaction is more marked such as layers 2 and 6. This manifests as a
greater deformation in the upper half of the layer and a full transformation from diamond to triangular
void morphologies. This figure also suggests that there is limited melt flow between strands both

between layers and perimeters.

An interesting feature observed in the multicolour image is the variable colour gradient within the
strand cross-section. The colour order of deposition was: red, orange, yellow, green, blue, purple. As a
result, it can be seen that the earliest deposition of each colour is at the centre of the strand, with the
final elements of that colour section then deposited around the outside of the next strand. Bellini et al.
[309] noted that melt adheres to the walls, which is what gives rise to the shear deformation during the
flow which was discussed earlier in Section 5.1.3. Zhou et al. [329] assumed a uniform temperature
across the extruded cross-section. However the outer colour ring demonstrated above suggests this is
not the case because the latest-deposited filament has spent longer in the melt chamber and is

therefore likely to be hotter, especially when close to process rate limits at higher extrusion rates.

Heller et al. [374] used a non-uniform velocity profile with a no-slip condition at the walls in their
modelling of fibre reinforcement alignment, which would be consistent with the observations made
here. Similarly, Peng et al. [316] introduced die markers to show the filament flow within the
liquefier. They concluded that the velocity profile is far from an isothermal power law solution and

presented results congruent with those above.

5.4.2. SINGLE FILAMENT AND OUTER SURFACE MODELS
There have been a large number of models to empirically describe a single deposited strand shape or
the outer surface of a ME AM component. It is common for these to consider either semi-circular
elements or arcs as the outer face of each layer. From observations of the cross-sections taken in
Figures 5.5 t0 5.7, it is clear that an arc-based model is most suitable. Prior models have not
distinguished between single and multiple adjacent perimeters, nor have they considered a wide range
of layer heights and volumetric flow rates. The models developed here shown general applicability for
layer heights of between 0.1 and 0.4mm and nominal road widths from 0.2 to 1.2mm. The proposed

filament morphology model is shown below in Figure 5.16.
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Figure 5.16 Proposed filament morphology model

This describes each layer as having a road width, RW (to be calculated later), an arc of radius r, and a

layer height LH.

54.2.1. SINGLE PERIMETER
For the single perimeter case, the average distance between the five measured road widths and four
measured bond widths was calculated for each experimental run. This gives the arc height, which can
then be converted to an arc radius r given it is modelled as producing a segment equal to the layer
height, LH. Normalising this value of r against the LH and plotting against the aspect ratio gives the

relationship shown in Figure 5.17 and Equation 7.
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Figure 5.17 Relationship between aspect ratio and radius of curvature divided by layer height for a single
perimeter

r = LH[(0.0273 X AR) + 0.5091]

Equation 7 Radius of curvature for single perimeter

Where; r is the arc radius of curvature, LH is the nominal layer height, assumed to also be deposited
layer height and AR is the Aspect ratio, defined as nominal road width divided by layer height,
assuming 100% flow rate. Through geometrical analysis, it can be shown that the resulting road width

, LH?
2 2 2 _
+ (r + |r 1 )

Where RW is the actual deposited road width, RWnon is the nominal road width (usually an input in

is given by Equation 8.

(LH x RW,,..) — [ 72 cos1 LR L
nom 72| cos 5,7 | ~ sin| cos 57

Equation 8 Single perimeter road width calculation

RW

1
" LH

slicer). Note that LH x RW,om = cross-sectional area according to the basic rectangular model.
Equation 8 can therefore also be rewritten in terms of the volumetric flow rate through the
replacement of the LH X RWnom term with the volumetric flow rate (units: mm? per mm of travel). The
actual road width is therefor considered to depend on the layer height, volumetric flow rate and

nominal aspect ratio only.

54.2.1. DOUBLE AND TRIPLE PERIMETERS
Repeating the approach taken for the single perimeter, but this time calculating the side segment
height from a vertical reference plane aligned with the outer perimeter gives the results shown in
Figure 5.18 and Equation 9. To calculate these, only experimental runs with significant inter-

perimeter interaction were included.
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Figure 5.18 Relationship between aspect ratio and radius of curvature divided by layer height for a double and
triple perimeters

Fonuiei = LH[(0.0106 X AR) + 0.5549]

Equation 9 Radius of curvature for multiple perimeters.

As was hypothesised earlier, this does indeed give a higher arc radius and therefore slightly improved
surface roughness metrics. The individual equations governing both double and triple perimeters are
shown below, and show a good degree of agreement with each other.

Taoubte = LH[(0.011 X AR) + 0.5613]

Equation 10 Radius of curvature for double perimeter

Teripte = LH[(0.009 x AR) + 0.5518]

Equation 11 Radius of curvature for triple perimeter

5.4.3. RATELIMITS
What exactly constitutes a rate limit of the process depends on the metric considered. In the literature
discussed in Section 5.1.3, the term is usually applied to the maximum volumetric flow possible for a
specific set of parameters. However, if this simply results in filament slippage or missed stepper
motor increments it is possible that for high nominal volumetric flow values, a component is
nonetheless ‘successfully’ fabricated. Previous sections have shown that actual volumetric flow rates
for the ME AM machine used in this section are consistently below the nominal value, and so with
respect to the perimeter experimentation a rate limit is considered the rate at which complete print
failure occurs (i.e. deposition is so unstable as to not produce a useful component). Nevertheless, it is
noted that rate limits as defined by the nominal volumetric flow values are reached before this point in

most cases.



96

An initial observation of rate limits is possible from the single and double perimeter experimentation.
Where the print speed had to be reduced to avoid complete print failure, it can be assumed that the
process rate limits were reached. In these cases, the layer height does not appear the most important
factor, but rather nozzle diameter and volumetric flow rate. For the 0.2mm nozzle, print failure were
observed if any layer height and road width combination was attempted at a print speed of
1800mmmint. This translates to a volumetric flow rate limit of approximately 0.66mm3s, above
which the rate limit is reached. No 0.3 or 0.4mm nozzle speed reductions were required, though
observation of the multi-perimeter images in Figures 5.6 and 5.7 suggest that the limit is close to
being reached in some experimentation where poor inter-perimeter bonding is observed. In the worst
case for the 0.4mm nozzle, a nominal flow rate of 7.2mm?3s* for the outer perimeter was possible in
experiment number 17, though the measured flow rate via the actual cross-sectional area was some
25% lower suggesting close proximity to print failure. Indeed, the multi-perimeter examples for this
experiment show no real inter-perimeter interaction. For the 0.6mm nozzle, the rate limit was reached
only on the final experimental run. This run corresponded to a volumetric flow rate of 14.4mmqs
with a speed of 1800mmmint. The highest volumetric flow rate for this nozzle diameter which did
not result in complete deposition failure was 12.0mm?3s* though this did result in a 10% reduction in
measured cross-sectional area versus the nominal value, corresponding to an actual flow rate of

approximately 10.8mm?3s

The two-part experimentation included in Section 5.4.3 demonstrates that a nominal rate limit is
reached after which prints remain successful but at a constant actual volumetric flow rate. Where the
extrusion rate is increased at a constant speed, the measured road width (a proxy for actual volumetric
flow rate and calculable via the model presented in the previous sub section) increases linearly up to a
nominal volumetric flow rate of approximately 15mm?3s™. Above this rate, the road width no longer
increases, suggesting that a maximum physical volumetric flow rate is achieved. In the scenario where
speed is changed rather than the nominal cross-sectional area the measured road with displays a slight
decay for all nominal volumetric flow rates. It again reaches a plateau at approximately 18 mm?3s.
This higher value is likely due to the lower counter-pressure from the deposited filament, as described
by Percoco et al. [364]. If there are identical conditions within the liquefier itself (i.e. regardless of
how the volumetric flow rate is desired — to achieve a large deposited cross-section at slow speed or
smaller cross-section at high speed), the feeding rate and thermal history of the filament should be the
same. It is instead hypothesised that at increasing print travel speeds, the initial extrusion process has
not reached a steady state by the position of measurement which gives rise to lower observed road
widths. This is further evidenced by the fact that of the three measurements taken across the sample,
the measurement furthest from the beginning of the deposited strand was usually the largest. This

same delay would occur before the period of measurement in the first experimental approach.
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5.4.4. COMPONENT ACCURACY IMPLICATIONS
As discussed at the beginning of this section, the outer perimeter toolpath is created by offsetting from
the nominal perimeter by half of the predicted road width and therefore road width deviation will
directly translate to dimensional and geometrical error. The experimentation in this section suggests
two major sources of error. First, for a given volumetric flow rate there may be a difference between
the actual deposition morphology/road width and that assumed in the slicer. Second, differences
between the nominal and actual volumetric flow rates will lead to road width errors of the deposited
strand.

For the former, a model was proposed and experimentally validated for both single and multiple
perimeters. If it is assumed that the lateral positioning of the outer perimeter is unaffected by the
presence of inner perimeter(s) (likely valid if some internal voids remain), then both surface models
can be directly compared with the slicer assumptions. For the default CURA parameters with a layer
height of 0.2mm and road width of 0.4mm the expected road widths according to the models
developed in Section 5.4.2 are 0.435mm and 0.434mm for single and multiple perimeters
respectively. This translates to an oversize error of approximately 0.035mm across a component (half
the road width error, encountered once on each surface) when compared to the CURA filament model,
although this will of course be a much less significant error if compared to the semi-circular side
profile model used by some other slicer.

Under-extrusions of up to approximately 20% were observed during the perimeter experimentation
when operating at or close to process rate limits. However, to again consider the default CURA
settings, an oxer-extrusion was in fact observed. Any extrusion deviation may be translated to road
width error via the filament model. This suggests that the 3% over-extrusion under default conditions
leads to a total error of approximately 0.012mm (neglecting the minor effect of a changed aspect

ratio).

Combining these two errors gives a total error of approximately 0.047mm for default printing
conditions. However, it should be noted that this error is likely to be larger for higher layer heights

and volumetric flow rates, should these be selected.

Precision performance was not explicitly addressed in this experimentation. As with the accuracy
errors presented above, variability can also arise from either volumetric flow rate or strand
morphology for the same. The low deviation of data points against the developed linear equation in
Figure 5.17 suggests very low variability of shape for the same cross-sectional area. Instead, any road
width precision error is more likely to arise from volumetric flow rate variability. Golab et al. [360]
investigated the repeatability of strand cross-sectional areas and road widths for single strand
depositions at standard print parameters. This demonstrated that under steady state conditions,

variability was minimal but that at the beginning end of depositions the precision error was increased.
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6. XY PLANE GEOMETRICAL PERFORMANCE

As previously mentioned, component dimensional error can be considered to arise directly from errors
in the outer perimeter. In Section 3, potential sources of error that affect the outer perimeter were
hypothesised. Broadly, these were those related to positional error as investigated in Section 4 and
extrusion-related errors. The previous section investigated steady-state deposition error for a wide
range of printing conditions. This section covers in-layer XY plane deposition errors through corner

and weld experimentation.

The use of machine code within the ME AM process was outlined in Section 5. This described that
the nozzle is moved in XYZ space in conjunction with extrusion length commands. Implicit in this

process is a nominal outer perimeter of each layer, produced by the combination of the toolpath and
extrusion width for the external perimeter. This section therefore explores this combination and

compares the results to the desired nominal geometry.

Whereas previously layer heights and volumetric flow rates were varied between experimental runs,
this experimentation focuses on the errors arising under standard printing parameters in line with the

errors experienced in the components fabricated in Section 3.

6.1.XY PLANE DEPOSITION

Slicers assume a constant road width and therefore constant volumetric flow rate regardless of
printing conditions. As an example, a straight movement of 10mm at a print speed of 10mms™ with an
extrusion rate of 20mm?3s? would yield a total extruded volume of 10mm?3. For simplicity, assuming a
layer height of 1mm and the standard rectangular strand morphology model would yield a nominal
constant road width of 1mm. A hypothetical 10mm square perimeter with the same parameters would
theoretically yield a hollow square section with a wall thickness of 1mm in all locations, although the
toolpath would be a 9mm square to ensure the outer perimeter maintains dimensional performance.
The previous steady-state experimentation explored the validity of this under consistent movement
conditions. However, in order to complete a closed perimeter, direction and therefore speed changes
must occur. Any mismatch between the extrusion profile and movement will directly lead to error.
Every point of over-extrusion must necessarily be matched by underextrusion elsewhere assuming the
entire nominal volume is deposited across the toolpath. Similarly, deviations between the nominal
nozzle path and actual path will also contribute to error. Extant literature regarding direction change

error and movement-extrusion errors are included within this subsection.

Yardimci [368] conceptually divided the deposition process into five separate segments. These were:
pre-movement, start-up, steady-state, slow-down and exit-move. As mentioned above, previous

experimentation in Section 5 explored performance in the middle, steady-state region. Bellini et al.
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[309] developed a detailed fluid and melting model within the liquefier. They added further detail to

the five stage model;

I. Pre-movement: a prescribed volumetric flow rate is started before the deposition begins. A glob of
certain size is generated to compensate for the intrinsic deposition delay, due to the internal length of
the liquefier, which is the distance between the point of application of the pressure and the point of
the material delivery.

I1. Start-up: as soon as the motion starts, an absolute flow-rate, higher than the steady state flow rate,

is established and maintained throughout the acceleration phase;
I11. Steady-state: once the acceleration phase is complete, a constant flow rate is specified;

IV. Slow-down: the main flow rate is stopped and a certain amount of material ~empirically
determinated [sic] and dependent on the deceleration constant and the steady state flow rate is

brought back revolving the motion of the rollers;

V. Exit-move: the flow control is turned off and the nozzle is moved to a pre-specified distance from
the last point of the toolpath in order to avoid any further interferences.

They showed that this process led to irregularities in a typically deposited strand. Specifically, they
noted a zone of under-extrusion at the beginning, in the acceleration phase and over-extrusion at the
end during deceleration. They stated that in order to overcome these effects, better correlation
between the deposition speed and volumetric flow rate must be achieved. Given the need to
understand the dynamics of the extrusion process in order to control it, they then developed a transfer
function approach to be integrated as part of improved flow control and therefore improved part

quality.

Ravi et al. [375] undertook experimental investigations of strand width using a variety of layer heights
and temperatures. Prior to the measurement of the strand of interest, they included ‘initialization’ and
‘transition’ regions. These clearly displayed the non-linearity of volumetric flow rate and road width
with position, though the authors did not investigate the phenomenon further instead concentrating on
the steady state region that followed. Similarly, the over-extrusion at corners was observed by
Mohamed et al. [376] and Galantucci et al. [19], though not explicitly addressed. Garcia Plaza et al.
[377] investigated corner swell at 90° corners, and reported geometrical errors of approximately
0.15mm though did not state the machine or slicer used. Han et al. [378] considered the interaction
between the position of the nozzle and the material deposition process, using a toolpath-based
approach to plan extrusion commands. In this study, extrusion rates are assigned to each group with
similar vector length sections by using grouping and mapping algorithms. They demonstrated the
feasibility of the approach through experimentation on an ME AM machine. In a subsequent study,

Han and Jafari [379] also explored this behaviour and investigated another potential solution. They
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proposed a coordination controller which tracks the movement speed within the XY plane in real time
and regulates the volumetric flow rate accordingly. They conducted simulations of this proposed
approach which suggested significant improvement in the layer quality of fabricated components.
Ertay et al. [380] presented an integrated methodology for the planning of path velocity volumetric
flow rate and temperature control along curved paths. The volumetric flow rate is controlled
proportionally to the path velocity whilst maintaining temperature constant via adaptive control of the
liquefier. This was experimentally verified to show more uniform deposition at sharp curvatures thus
directly leading to improved dimensional accuracy. Pollard et al. [381] showed overshoots of liquefier
temperature for both PLA and ABS when dealing with step changes in extrusion rate and around
retractions, suggesting that for their experimental setup the process was not well controlled.

Tronvoll et al. [382] investigated the use of pressure advance algorithms to compensate for the under
and over extrusion known to occur during the acceleration and deceleration phases. The algorithms
presented were first simulated then tested on a Prusa i3 desktop ME AM machine. It was
demonstrated that such algorithms have the potential to substantially increase the dimensional
accuracy of the ME AM process but that if not properly configured, they may affect performance
negatively. They investigated the effect of layer height and found significant differences meaning
optimal parameters would need to be found for each. They also stated that there remains uncertainty
as to how the algorithms presented are affected by common process parameters including material,
print temperature and nozzle geometry. While such approaches show promise, they remain unused by
many popular ME AM machines today and would require further work to be effective across a wide

variety of print conditions.

Comminal et al. [383] used computational fluid dynamics to simulate material deposition at 30° and
90° sharp corners. They considered modification of the toolpath itself by rounding corners subject to a
maximum acceleration. The internal and external corner under and over extrusions were quantified,
including those arising from double deposition with an implied uniform road width. With suitable
toolpath changes, significant improvements were predicted leading to constant extrusion rates and
road widths. Gilberti et al. [384] also presented a technique based on Bézier curves to ensure constant
feed rates for direction changes. They proposed combinations of straight lines and parabolas to
guarantee uniform material deposition, effectively introducing rounded corners to reduce the
acceleration and deceleration effects associated with sharp corners. It was found that this would have
general applicability to other extrusion-based processes, and was experimentally validated with a

gluing deposition system.

Friedrich and Begley [385] investigated these same behaviours in the direct ink writing process. They

similarly noted the presence of corner swelling (i.e. over-extrusion), but also discussed the geometry
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of these areas. In particular, they highlighted that the internal area tends to produce a radius which

increases due to the Laplace pressure differential between the inner and outer surfaces.

Weiss et al. [294] demonstrated deviations between the nominal and actual toolpath of up to 1mm and
showed significant improvements were possible through the use of closed loop control. Jin et al. [386]
demonstrated three separate models for the filament deposition and nozzle trajectory. A tractrix,
parabola and catenary model were compared with experimental results and it was found that the
tractrix model showed the greatest agreement. They then modelled the nozzle path for three
depositions; a straight line, circle and arbitrary curve. This showed an offset between the nozzle path
and the actual point of material deposition. Although a discrete corner was not modelled, this same
offset would be present. Bouhal et al. [387] developed a tracking-control and trajectory-planning
model which looked ahead to reduce path errors and under and over fills. However, their model
assumed a constant volumetric flow rate with respect to travel speed and therefore ignored motion-
extrusion related errors. Pria et al. [388] proposed a positional algorithm to improve areas which
exhibited under-extrusion such as narrow edges and sharp corners through the optimisation of the
toolpath whilst holding the extrusion rate constant. Kuipers et al. [389] developed a framework for
adaptive width control to aid the fabrication of contour-parallel extrusion paths. Under standard
extrusion methods, the presence of over and under-filled regions are detrimental to the mechanical
performance of components. In this study, they proposed a novel scheme to produce superior density
parts and physically validated the approach through the development of a technique called ‘back
pressure compensation’. Similarly, Eiliat and Urbanic [390] demonstrated the formation of voids
within the layer and suggested methods to modify the deposition sequence and toolpath to minimise
these.

There has been very little attention given to perimeter welds, despite their inherent presence in the
process. Tasdemir [190] identified the presence of welds at sharp corners or on the perimeter of
cylinders and ellipses. They determined that the weld had a significant impact on dimensional
accuracy and is of importance for assembled components. They also determined that these ‘seam
marks’ become more pronounced as wall thickness was increased (i.e. the volumetric flow rate
increased). However, their exact deviation values were not isolated from other geometrical error

around the perimeter.

6.2.METHODOLOGY

Despite the studies identified above covering the errors which occur at corners, the majority have
dealt with theoretical modelling and simulations for improvement solutions. In addition, only
continuous corners are considered, whereas it is common practice for slicers to place the perimeter
weld (i.e. the start and stop locations) at sharp corners to avoid over-extrusion on other flat surfaces.

Finally, single deposited strands have been considered in isolation, although this is relatively rare in
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practice due to the reduced component strength that it causes. The experimentation in this section
therefore addresses these shortcomings. It covers angles of between 15°and 165° for double
perimeters, varying the perimeter order of deposition and presence of corner welds. The effect of print
speed and component orientation are also investigated. Non-corner welds are also produced and

analysed, to understand the feasibility of changing the location away from sharp corners.

Solid components manufactured via ME AM consists of perimeters and infill. As has been
established, the outer perimeter is critical in defining the overall accuracy of the printed part. By
default, CURA uses two perimeters each with a nominal layer height of 0.2mm and a road width of
0.4mm, according to their standard rectangular strand morphology model (and therefore a nominal
cross-sectional area of 0.16mm?). The use of two perimeters is also supported by default in other

popular slicers such as Slic3r, KISS and MakerBot Print.

As was mentioned in Section 5, traditional slicers is poorly suited to producing the custom artefacts
needed to investigate the perimeter accuracy in isolation. As such, a custom G-code generator was
again produced in Microsoft Excel to mimic only the outer perimeter of various slicers in terms of the
toolpath, road widths and perimeter spacing, as demonstrated in Figure 12.5 in the Appendix. This
custom G-code generator also allows the selection of multiple print parameters including print
temperature, bed temperature, print speeds, layer heights, road width (i.e. volumetric flow rate), side
length and perimeter order.

Artefacts were produced on a low cost ANet A8 desktop ME AM machine with a v1.7 motherboard
running Marlin firmware. This is the same machine design as has been employed in previous
experimentation for continuity. As was explained in Section 5.2, to aid the removal and subsequent
analysis of the corner a removable acrylic slide was incorporated into a custom aluminium print bed.
This experimental setup is shown below in Figure 6.1, demonstrating the fabrication of a 60° corner
using a 40mm side length, as was used throughout the experimentation in this section. All prints were
conducted at a print temperature of 200°C and a bed temperature of 60°C. Orange Velleman PLA

filament was used in line with other experimental work in this thesis.
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Figure 6.1 Experimental machine setup utilising a modified print bed with removable slide on ANet A8 ME AM
Desktop printer for XY plane experimentation

In contrast to the steady state cross-sectional measurements, no cutting was required to reveal the
geometry of interest. As a result it was not necessary to replicate the resin setting, cutting and
polishing preparation prior to measurement. Samples were removed from the print bed and excess
deposited material beyond the acrylic slide manually removed. The corner geometry was then
measured using a Zeiss Olympus BX51 TRF-6 Optical Microscope with 5x magnification.

The images were imported in ImageJ software, where the corner outline was detected. Reference lines
were constructed using a best fit with the perimeter side away from the corner. The angle between
these reference lines was checked, and found to be within 0.1° in all cases. Any excess material

beyond this theoretical geometrical boundary was identified, as outlined in Figure 6.2.
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Figure 6.2 Identification of overextruded XY material

Figure 6.3 shows the metrics taken from the experiments for analysis. The total internal and external
over-extrusion areas as viewed from above were calculated using ImageJ’s area calculation function.
In addition, the maximum deviations perpendicular to the direction of travel were taken for the corner
exterior, and maximum boundary that would fit internally as demonstrated in the figure below. In all
experimental runs, the direction of travel is as indicated here (i.e. left to right in the X axis on the

corner entry).

External corner Internal corner

+

Direction of travel
EE——

Filament boundary Over-extrusion area

_____ Theoretical boundary - - - - - Fjlament maximum boundary

Figure 6.3 Measured XY Plane errors

These areas and dimensions directly inform the accuracy of the component and have implications for
mating parts. The over-extrusion area cannot be converted to a volume without considering the
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filament morphology as explored in the previous section, though it does help inform the nature of the
error and draw comparisons between experimental runs. The internal and external metrics are
captured for every experiment. In the context of this experimental work, the ‘internal’ corners refer to
corners where the uppermost (i.e. above and to the left, as presented in the following figures)
perimeter is printed last and ‘external’ the reverse. This is therefore effectively also a proxy term for
perimeter order. The internal and external errors are quantified for both ‘internal’ and ‘external’

corners.

In addition to flow rate, print speed and perimeter spacing, the weld location and perimeter order can
also be selected within the slicers. It is important to be able to quantify errors for both internal and
external corners as components may exhibit a mixture of these features and where components are to
be assembled, their internal and external features come into directly contact. Noriega et al. [281]
measured hollow components to enable measurement of both these aspects. However, with two
perimeters and a single corner feature this would not be representative in a single component
perimeter as utilised in this study. By default CURA deposits the perimeters from internal to external
in order. It uses a print speed of 3600 mmmin! for internal perimeters and 1800mmmin-t for external
perimeters. The sharpest corner is selected for the weld location although this may be changed by the
user. The experimentation included in this section therefore reflects these settings. 11 angles at 15°
increments from 15°to 165° with and without welds and with alternate perimeter orders were

produced giving a total of 44 unique corner parameter combinations.

Slicers enable the exact location of a weld on a perimeter to be selected, although sharp corners are
used as a default to avoid unsightly vertical weld lines forming across multiple layers.
Experimentation to determine the error of weld on straight sections was therefore also undertaken.
The toolpaths and movement speeds for these were taken directly from CURA, whereby all perimeter
welds are directly linked to component infill at the beginning and end of perimeters. In general terms,
the first perimeter is started, then once the nozzle returns to that position, a fast perpendicular

movement is made toward the next perimeter and so on.

6.3.RESULTS

Microscope images and figures that summarise the key results are included in this section. As before,
full numerical results can be found in the Appendix. For each corner specimen in each array of eleven
images, the deposition movement was from left to right with the bottom horizontal feature produced
first, then a further straight feature at the specific angle. In most cases, the weld between the two
perimeters can also be observed. These corners would typically form a section of a closed outer

perimeter used to construct each layer of a three-dimensional component.
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Figure 6.4 XY Plane internal corners with weld images
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Figure 6.6 XY Plane internal corners without weld
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135°

Figure 6.8 XY Plane external corners with weld
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Figure 6.9 XY Plane external corners with weld relationship between corner angle and error values
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135°

Figure 6.10 XY Plane external corners without weld
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Figure 6.12 XY Plane external corners with print speed variation
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Figure 6.14 XY Plane external corners with orientation and direction variation
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Figure 6.16 XY Plane non-corner weld
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In this section, the results presented previously are descriptively analysed and the underlying

behaviour discussed. This covers the influence of corner angle, presence of a weld, perimeter order,

print speed and orientation for the corner geometries measured. The performance of welds on straight

sections are then discussed as a possible alternative to corner welds.



113

6.4.1. CORNER ANGLE
Two primary sources of error were identified by Comminal et al. [383]. The first arises from a
duplication of material via double extrusion. Given the assumption of a constant road width regardless
of the geometry, material on the inside of direction changes overlaps with previously deposited
material and due to conservation of volume this must manifest as over-extrusion. This area increases
with reducing corner angle as the overlap becomes more pronounced. Clearly at extreme angles this
ranges between 100% of the material for a corner angle of 0°(i.e. a retracing of the previous path) and
0% for a corner of 180° (i.e. a straight deposition road). Second, a mismatch between the movement
of the nozzle and the extrusion mechanism as noted in detail in Section 6.1, produces over-extrusions
at corners. It is expected that the acceleration and deceleration effect would be more significant for
tighter corners, and therefore the error would be larger for these too. It is not possible to isolate these
effects from each other with this experimental setup, so the combined effect is analysed and discussed

here.

As predicted, all four experimental setups exhibit a strong negative relationship between corner angle
and the external over-extrusion area (Figures 6.4 to 6.11). For the 15°angle, this shows an area of
between 0.4 and 0.7mm? of total external over-extrusion reducing to minimum values of
approximately 0.1mm?at the higher angles. This is in line with the reasons given above, where both
an increased theoretical double extrusion and larger acceleration and decelerations lead to a greater

error.

However, the relationship for internal over-extrusion is far less consistent. In most cases, it is lower
than the external over-extrusion area with values of approximately 0.1 to 0.4mm? . Rather than
decreasing with increasing corner angle as per the outer area, the internal area often increases. This
may be due to the previously-deposited filament on the entrance to the corner interacting with the
filament deposited on the exit. If the entrance deposition ‘blocks’ the exit deposition, this will instead
manifest as an external deviation. At higher angles, this blocking behaviour will be reduced and hence
internal extrusion can increase. In an extreme case of a 180° corner (i.e. a straight line), it would be
expected that the deposition would be symmetrical and therefore the internal and external over-
extrusions would be equal. The internal maximum deviation shows strong correlation with the internal
over-extrusion area. These values range between 0.05mm and 0.25mm depending on the experimental
setup. These values are significantly higher than for the external maximum deviations, as these are
much less concentrated at the corner. The internal over extrusion tends to manifest as an internal
radius, especially at higher corner angles. This phenomenon was noted by Friedrich and Begley [385]
and is less prevalent at tighter corners where the previously deposited filament has had a longer
cooling time. The maximum deviation is therefore concentrated very close to the corner rather than

the extended over-extrusion areas found on the external perimeter.
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The results presented in the previous section show the external maximum deviation on the way in and
way out of the corner separately. Both these external maximum deviation measurements tend to
decrease with an increase in corner angle as the total outer over-extrusion also did. The entrance
maximum deviation is almost always smaller than the exit deviation. This suggests that the interaction
of the exit deposition with the entrance deposition does indeed lead to increased external over-
extrusion, which would manifest on the exit more than the entrance due to the direction of travel and
cooling history. This is in contrast to the simulation work undertaken by Comminal et al. [383] which

suggests far more equal over-extrusion at both the entrance and exit.

The external non-weld corner is likely the most representative of standard outer perimeter geometry
changes as the weld only occurs once per layer and the perimeter angle must sum to 360°. Figure 6.18

shows the total over-extrusion as a function of corner angle.
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Figure 6.18 XY Plane external corners without weld total over extrusion

This demonstrates a general decreasing trend, although also displays a maximum value at a corner
angle of 90°. Observation of the deposition morphology shown in Figure 6.10 suggests that the road
width deviation occurs over a longer deposition length (i.e. it is less concentrated at the corner). This
then leads to a larger overall over-extrusion value. It is not clear exactly why this occurs, though it is
most likely due to the acceleration algorithm contained within the Marlin firmware causing a more

gradual deceleration for this specific geometry.

6.4.1.1. WELD vS. NON-WELD
The comparison of weld with non-weld corners is complex. The physical XY location of the start and

end of strands are identical, as per the toolpath algorithm contained within CURA. As was discussed
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earlier, if a constant road width is assumed, then the double extrusion problem exists regardless of
whether a weld occurs. However, at a weld location a layer height change occurs for each of the two
perimeters. The first perimeter begins directly after a layer change, whilst the second perimeter ends
with a layer change. In addition, a small movement equal to the perimeter spacing width must also be
performed. This movement results in a small pause, and since the pressure drop across the nozzle does
not instantaneously fall to zero [309], some degree of over-extrusion will occur. In combination with
this, the slight pause will lead to greater solidification of the deposited strand at the entrance to the
corner.

From the results presented in the previous subsection, it is clear that corners which feature a weld do
exhibit differing geometry to those without. One notable feature is that for the 15° and 30° angles
without a weld, a central void is often visible. However, this is not the case for weld examples,
suggesting a higher extrusion rate local to the corner in line with the reasoning above, likely in

combination with the inter-perimeter and inter-layer moves.

The relationship between corner angle and maximum deviations for non-weld versus weld and the
internal corner deposition sequence is shown in Figure 6.19. For example, this shows that for a 90
degree corner where the outer perimeter is deposited first, the internal and maximum deviations on the
way out are both larger when no weld is present compared to when there is a weld, and the reverse is
true for maximum deviation on the way in to the corner.
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Figure 6.19 Comparison of non-weld versus weld maximum geometrical deviations for internal perimeter order

Figure 6.19 shows that the internal maximum deviation is lower for the non-weld condition at both
high and low angles, otherwise it is higher. At both small and large angles, this may be explained by
the weld over-extrusion caused by the additional moves. However, at intermediate angle values, the
internal maximum deviation is higher when there is no weld. Observation of the samples shows the
presence of internal radii features for the non-weld samples. This significantly contributes to
maximum internal deviation, and is likely caused as the continuous corner path is followed rather than

a perpendicular path to start the next perimeter.
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External maximum deviations are generally similar, though are much lower for the non-weld samples
at angles above 135°. This is due to the much lower over-extrusion resulting from reduced speed
changes at shallower corners versus the weld corners that must make sharp changes in direction to

either the next perimeter or layer.

Figure 6.20 shows the same metrics for the external corner deposition order (i.e. the outer perimeter is

deposited second).
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Figure 6.20 Comparison of non-weld versus weld maximum geometrical deviations for external perimeter order

This demonstrates that the internal maximum deviation for the non-weld against weld reduces with
increasing angle over 45°. The absolute value is higher up to 135° owing to the same rounded internal
geometry mentioned previously. The reducing trend is likely due to the lower acceleration and
deceleration associated with smaller direction changes. For small angles, the rounded internal

perimeter geometry is less marked as the velocity decreases to a greater degree at these sharp corners.

External maximum deviations are generally smaller for the non-weld corner due to the reduced over-
extrusion. However it is higher for the non-weld case on the corner exit for intermediate angles since

the outer corner contains no move inwards to change perimeters.

Internal, external and total and over-extrusions are shown for both perimeter orders in Figures 6.21
and 6.22.
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Figure 6.21 Comparison of non-weld versus weld over-extrusion error for internal perimeter order
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Figure 6.22 Comparison of non-weld versus weld over-extrusion error for external perimeter order

For the internal corner perimeter order, the internal over-extrusion is much lower at smaller angles for
the non-weld corner. This is likely due to the lack of over-extrusion arising from perimeter and layer
changes and lack of curved over-extrusion at higher speeds and angles. At high angles, the extrusion
is again lower due to the lack of pause. The external over-extrusion and total over-extrusion show
strong correlation since the external value is much larger than the internal. This trend can once more

be explained by the lack of pause and faster movement in the non-weld case for higher angles.

For the external corner perimeter order, all three extrusion metrics show generally decreasing trends
with increasing corner angle. These are again explained by the lower acceleration and deceleration at
increasing angles in the non-weld case versus the pause over-extrusion for the weld corners. Initially,
the internal over-extrusion is higher for the non-weld case in particular due to increased over-
extrusion on the entrance to the corner where motion is continued within the same perimeter instead

of switching to the outer perimeter.

6.4.1.2. PERIMETER ORDER
There are two primary factors to consider regarding the choice of perimeter order. Firstly, as was

discussed previously the second perimeter is deposited at half the speed of the first, giving
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significantly lower over-extrusion. Secondly, the second perimeter interacts with the first such that
any over-extrusion will be forced outwards. These two effects counteract each other and the overall

behaviour arises from the interaction of these.

Regarding the latter effect, whilst it may seem that an over-extrusion on the first perimeter will simply
push the second further outwards, it is observed that the road width is actually reduced locally in these
cases. For example, the 15° and 30° examples in Figure 6.10 clearly show this behaviour. Nonetheless,
some outwards deviation is still observed.

Figure 6.23 shows the relationship between corner angle and percentage change of maximum

deviations for the external versus internal perimeter orders with a weld present.
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Figure 6.23 Comparison of internal perimeter first with external perimeter first for maximum geometrical
deviations with weld

This shows that the internal maximum deviations are not that dissimilar regardless of corner angle and
there is no strong overall trend. This suggests that the perimeter order is not especially important for
internal geometry accuracy. It is possible that the presence of a weld offsets the perimeter speed
differences as a pause is required regardless of speed. In general, the faster internal perimeter would
give higher internal over-extrusion but because it is deposited first, any over extrusion is not forced
inwards. External maximum deviations are generally lower where that perimeter is deposited second.
The reduced print speed for the outer perimeter gives lower over-extrusion which therefore more than
counteracts the internal perimeter pushing over-extruded material outwards. All deviations show
similar values for angles above 135° where the print speed effects and level of over-extrusion are
mitigated.

Figure 6.24 shows the same metrics for corners without a weld. This data appears much clearer than
with the weld, suggesting the welding process itself leads to either more complex behaviour or is
inherently less predictable.
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Figure 6.24 Comparison of internal perimeter first with external perimeter first for maximum geometrical
deviations without weld

The internal maximum deviation is much higher in all cases and lower for the external maximum
because the inner perimeter has a higher print speed and therefore higher over-extrusion. This
indicates a strong dependency on print speed. In both cases, this suggests that the reduced over-
extrusion for the slower perimeter overcomes the perimeter interaction effects.

Figures 6.25 and 6.26 show the same relationships (with a weld and without respectively) but for
over-extruded areas.
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Figure 6.25 Comparison of internal perimeter first with external perimeter first for over-extrusion error with
weld
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Figure 6.26 Comparison of internal perimeter first with external perimeter first for over-extrusion error without
weld

This shows similar trends to those observed for the maximum deviations. With the presence of a weld,
the internal over-extrusion is higher when the external perimeter is deposited second for intermediate
angles only. At low and high angles, the reverse is true. This suggests that despite the faster internal
perimeter, the movement inwards to change perimeter counteracts the error. The relative values for
internal and external values remain the same when extrusion area rather than maximum deviation are
considered without a weld. However, in this case, the external and therefore total over-extrusion
values are sometimes higher, despite the maximum deviations always being lower. This is particularly
true for the 90° corner, where the external over-extrusion is slightly larger. This is because despite not
deviating further at any given point when the outer perimeter is deposited second, the (smaller)
deviation continues for a longer distance. This may be due to the interaction with the inner perimeter,

but would require further investigation for this specific geometry.

6.4.1.3. COMPONENT FIT
Ultimately, the accuracy of internal and external corners is especially important in the context of

mating components. Errors in one or both of these aspects could directly result in components not

fitting as intended or large tolerances being required, which can then lead to issues of increased wear.
Figure 6.27 shows the fit for the non-weld cases of 15°, 90° and 165°.

Figure 6.27 Representative fit of corners for 15°, 90° and 165° angles
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It can be seen that the internal radius is not a significant factor in mating components given the
external corner radius and deviations also present. Instead, the dominant over-extrusion error for fit
cases it the external over-extrusion. This results in required tolerances of approximately 0.15mm for
smaller angles, though it is of course preferable to reduce the error source or perhaps design around it

with the use of rounded or chamfered corners in component design.

6.4.2. PRINT SPEED
Figure 6.13 shows the relationship of print speed to maximum deviations and over-extrusions for a
90° non-weld corner. This shows a very strong positive relationship between errors and print speed.
At a print speed of 450 and 900mmmin! for the inner and outer perimeters respectively, there is very
low error for all metrics except internal maximum deviation. This error arises from a rounded internal
corner, which is unlikely to cause significant problems for fit as demonstrated above. However, a low
print speed naturally increases the build time in a relationship approximately proportional to the print
speed. As the print speed is increased, all errors increase. At a print speed of 7200 and
14400mmmin, the external maximum deviation increases to approximately 0.15mm, with an
associated significant increase in over-extrusion area. The internal over-extrusion and maximum
deviation do not significantly increase between the two highest printer speeds, suggesting that after
3600/7200mmmin-t the internal geometry does not change significantly and errors are concentrated on
the exterior perimeter. In light of the experimentation in the previous section, it may be that rate limits
are reached above this speed and filament slippage occurs, reducing the actual deposition volume. For
the default print conditions with an inner perimeter speed of 3600mmmin and outer perimeter speed

of 1800mmmin, the outer perimeter maximum deviations are approximately 0.06mm.

6.4.3. ORIENTATION AND DIRECTION
90° corners were printed in a variety of directions and orientations, as displayed in Figure 6.14. The
results from this experimentation show very little change in the internal maximum deviation, although
there is some variation in the internal area error of between 0.3mm? and 0.6mm?. All external errors
fall between 0.02 and 0.12mm. The largest errors are observed for the reverse direction (i.e. negative
Y followed by negative X). In all cases, the maximum deviation is highest on the exit of the corner.
This is likely the result of much of the over-extrusion occurring just after then corner has been
reached and any effects of double extrusion being realised only after the direction change has

occurred.

A summary of the results is also shown below in Table 6.1 for comparison between experimental

runs.
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Total over- Square
Print Axis in Direction Axis out Direction Summary extrusion (mm?) perimeter
corner
1 X + Y X+Y+ 0.529 Bottom right
2 X Y X-Y+ 0.705 Bottom left
3 Y X Y-X- 0.506 Bottom right
4 X Y X+Y- 0.691 Top right
5 XY +- XY ++ XY+-XY++ 0.449 Bottom
6 XY ++ XY +- XY ++XY+- 0.489 Top

Table 6.1 90° corner orientation and direction summary

The two samples that would represent the bottom right of a square perimeter show very similar over-
extrusion amounts. These utilise the same two axes but in opposite directions of motion. This
confirms that the perimeter direction does not affect the level of error, though it does change the
region of maximum error as the exit position of the corner changes. The total over-extrusion appears
lower for the two 45° orientations. The print speed experimentation shows non-linear relationships
between speed and extrusion error. Utilising both axes equally therefore reduces the speed of both
and therefore potentially benefits from this non-linearity if these effects arise from axis dynamics.

6.4.4. STRAIGHT SECTION WELD
Straight section welds are shown in Figure 6.16. The perpendicular extrusion at the midpoint is part of
the simulated infill, which would necessarily meet the perimeter at this point unless no infill is
selected. This is an alternative to placing a weld at the corner, as CURA does by default. Between the
five experiments, the number of perimeters and perimeter order were changed. Again, the outermost
perimeter (i.e. the final deposition) was deposited at a speed of 1800mmmin- at half the speed of
other perimeters. As with the corner experimentation, the behaviour is explained by the combination
of reduced extrusion error from the reduced print speed and increased extrusion from the restriction of
previous perimeters. The results show that where the outer perimeter is deposited first, the maximum
deviation increases. This suggests that in the case of straight section welds, the increased speed error
outweighs the perimeter order interaction error. This order also gives superior geometrical
performance in most corner scenarios, so if a straight section weld is utilised this perimeter order is

suggested.

6.4.5. COMPONENT ACCURACY IMPLICATIONS
The experimentation undertaken in Section 3 produced square-section components. The relevant
corner for error implication analysis is therefore the 90° corner. It was shown that the maximum outer
perimeter error is dominant, and that the error on the entrance and exit of the corner differed.
Regardless, the components produced in Section 3 exhibit only external corners. Assuming a single
weld corner and three non-weld corners with the external perimeter printed second at a speed of
1800mmmint, the relevant errors for the entrance and exit of corners are 0.135mm and 0.052mm for
the weld corner and 0.073 and 0.096mm for the non-weld corners. The maximum side length requires

an entrance and exit error to be included giving a side length error of between 0.125mm and
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0.208mm. This error is relative to the straight and flat side rather than an absolute error, but is

nevertheless useful to consider.

Precision performance was not explicitly investigated in the experimental work included in this
section, with greater focus instead being given to the influence of corner angle, weld and perimeter
deposition order on accuracy. However, the repeatability measures included in Section 3 do provide
an indication of representative error. In the macro experimentation presented there, the underlying
precision performance was demonstrated to be approximately +0.2mm. This value consists of the
positional and extrusion errors as discussed previously. However, steady state and strand morphology
precision error is thought to be low, so a direct comparison may be made between the macro precision
and positional variability where any difference is likely to be representative of corner deposition
variation. Position precision for a nominal 15mm dimension was determined to be approximately
+0.1mm for most XY axes. This suggests a similar precision error of £0.1mm may be applicable to
corner fabrication. Although a limited sample size of two, identical 90° corners were fabricated with
no weld and the outer perimeter printed last. These demonstrate a difference (if applied across a
component) of approximately 0.04mm, which would appear to support this level of precision.

However, this would benefit from additional experimental work to validate.
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7. IMPROVING DIMENSIONAL AND GEOMETRICAL PERFORMANCE

Noriega et al. [281] stated that studies of the ME AM process can be broadly placed into two
categories. Firstly, error analysis, or understanding the current level of performance. Second, error
improvement, or actively seeking to improve the process capability in some way. Tong et al. [391]
noted that error improvement can be further categorised as one of; error avoidance, error

compensation or post-processing.

Error analysis involves investigating the current performance of the process without actively seeking
improvement. For example, in Section 3 the dimensional and geometrical performance of three
desktop ME AM machines was investigated and tolerances suggested. This focused on the errors
present in the process rather than providing any detailed and direct means of improvement. Sections 5
and 6 also investigated the nature of current errors, though owing to their more targeted nature direct

improvements were possible (e.g. new road width assumptions or perimeter order selection).

This section provides a discussion of potential approaches to mitigate the errors identified in order to
improve the process. It covers the three main groups of error improvement identified above. In
general, the following options are available to improve the process outcomes: altering the virtual part,
altering the machine code, changes to the hardware or utilising additional processes post-production.
Figure 7.1 provides a summary of errors and their constituent elements, which represents the

framework for the discussion in this section.

Error analysis Error improvement

. . .
Desien for AM Parameter Data file Material Toolpath Extrusion i Machine desi
n optimisation selection generation generation | B &

. '
Optimisefor 1  Improve process

I - y
current process Jundamentals

Figure 7.1 ME AM error framework

Some of these approaches are preferable to others in terms of their ease of use from the perspective of

the operator. Avoiding the need for a user to make complicated decisions or conduct additional
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processes reduces the cost and increases the likelihood of improved performance. Consider a
consistent length error present across multiple components of the same design. One potential way to
improve this is for the user to redesign the component, perhaps with a new nominal value or different
feature. However, this is time consuming and a first revision may not yield the desired results.
Instead, it would be preferable for the process itself to achieve the desired performance independent
of the user. As shown in Figure 7.1 there are many ways of achieving this. One is to simply optimise
the current process (in an ideal case, automatically for the given geometry, machine and material
combination). Alternatively, the machine design itself can be altered to improve fundamental errors in
the process which are not easily addressed via optimisation alone. Otherwise, machine-specific
compensation or automated post-processing may also be applied.

7.1.ERROR AVOIDANCE

There are three main approaches to avoiding the sources of error. The first is to understand the current
capabilities of the process and design with these specifically in mind in a methodology commonly
referred to as Design for Manufacturing (DfM). The second is to optimise the current process as far as
possible, either by altering slicer algorithms (including slicing strategies, toolpath generation and
extrusion profiles), or by optimising print parameters to maximise certain dependent variables.
Finally, the process can be fundamentally altered with changes to the design of ME AM machines
which may directly reduce error (e.g. through superior quality machine components) or enable new

print strategies.

7.1.1. DESIGN FOR MANUFACTURING
DfM is a set of methods and methodologies that ensure the designer understands any constraints
imposed by the existing manufacturing process in order to provide the best outcome for the
manufactured product [62]. Whilst this generalised approach is highly applicable to ME AM, it is not
specific to it. In addition, the majority of ME AM DfM recommendations are focused on avoiding

outright fabrication failures rather than the improvement of accuracy or precision performance.

Designers may be unaware of specific manufacturing details or rules, potentially resulting in ‘non-
manufacturable’ designs and ultimately contributing to time-consuming and costly iterations between
the design and final manufacturing stages [392]. The Manufacturability Analysis System (MAS) was
developed to allow manufacturability aspects to be considered at the design stage in order to ensure an
error-free transition from design to manufacturing. Shukor and Axinte [392] provide a basic
methodology for developing an MAS. This consists of an input stage, where the CAD model and
manufacturing method information is collated. The second stage analyses manufacturability aspects,
whereby data and rules pertaining to the manufacturing process are checked against the proposed
design. The final output stage gives (reiterated) design suggestions, process sequencing and material

suggestions.
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In the specific context of ME AM, a number of ‘design rules’ exist which should considered when
designing components. The original developer of FDM (ME AM), Stratasys, have published a Design
Guidelines Document [70]. This details the limitations of the ME AM process with regards to wall
thicknesses, threads, feature size, fillets, size, orientation and clearance. Pascu et al. [393] have also
provided design rules specific to plastics and ME AM. They suggest a number of general rules
regarding feature orientation, though once again offered little specific detail. Simion and Arion [394]
have given dimensioning rules for ME AM components. They fabricated a variety of geometries on a
desktop machine, and noted many tradeoffs between parameters and performance goals. Their major
contribution was proposed dimensioning formats to communicate the various features common in ME
AM production. Urbanic and Hendrick [395] have presented a series of modelling design rules for
building large, complex components via ME AM. They noted size, surface finish and accuracy
limitations of the process, and suggest avoiding these during design by carefully considering
orientation, building in tolerances and aligning certain features such as holes with the build direction.
In total, 23 separate recommendations were made, though these were rarely quantitative in nature.
Zeimian and Crawn [396] explored the use of computer aided decision support specifically for ME
AM. This aided the user in setting process variables to achieve specific performance goals by
providing the quantification of trade-offs among conflicting goals such as build time versus part

accuracy and resolution.

Hague et al. [397] provided a general overview of the implications of rapid manufacturing
technologies on the design process. In this, they noted that AM technologies removed a number of
constraints typically present in conventional processes such as mould considerations, wall thicknesses
and other manufacturability factors. Similarly, they suggested that the use of AM made the iterative

prototyping process typically associated with conventional technologies redundant.

Multiple studies have presented a decision support system to select the most suitable rapid
prototyping technology. These considered factors such as build time, cost, accuracy, surface
roughness, wall thickness, materials and mechanical performance [398-402]. Many others have
provided generalised support systems to aid process parameter selection common to all AM
technologies. Mahesh et al. [403] proposed a decision making system using Integrated Rapid
Prototyping Decision Making System (IRPDMS) fuzzy decision methodology to find an optimal
solution. Ransikarbum and Kim [404] also provided a method for multi-criteria decision making,
though this focused on orientation selection. Similarly, Hur and Lee [405] developed a CAD
environment to determine the optimal build direction. Wang et al. [406] developed a knowledge
management system using Bayesian networks to model AM knowledge and identify causal
relationships. This provides the user with suggested parameter settings, though does not directly

address component dimension and feature design choices. Ahsan and Khoda [407] provided an
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integrated framework for both part and process attributes for AM technologies. This algorithm

simultaneously controls build orientation and toolpath direction for an optimal solution.

Hague et al. [397] stated that additive manufacturing processes enable complexity of geometry at no
extra cost as the main determinant of cost was simply build time, which is only dependent on
orientation. Wang et al. [406] supported this notion. Many other publications have also alluded to the
increased freedom for designers [393,395]. However, Pradel et al. [408,409] explored these claims in
two separate studies and concluded that shape complexity impacts both build time and material
consumption for ME AM, demonstrating that the simple notion of ‘complexity for free’ is not the case

in practice.

7.1.2. PROCESS OPTIMISATION
There have been a wide variety of methodologies employed to understand the ME AM process and
yield performance improvements. These are summarised in Table 7.1 below.

Improvement methodology Studies
Neural networks [281,410-420]
Taguchi experimental design / ANOVA [181,202,421-430]
Response surface [178,373,431-435]
Evolutionary computation [436]
Teaching-learning-based algorithm [437,438]
I-optimality [376]
Expert system [439]
Fuzzy logic [440,441]
Finite element analysis [187,271,442-445]
Machine learning [446-448]
Spectral graph theory [264,449]
Artificial intelligence [450]
Particle swarm [433,451]
Symbiotic Organism search [433]
Support vector regression [416]
Group method [420]
Genetic algorithm [452,454]
Analytic hierarchy [455]

Table 7.1 Summary of methodologies applied to the ME AM process

As can be seen, the most common methodologies are the use of neural networks to compute large and
complicated datasets, finite element analysis of the material flow during heating and deposition and
Taguchi experimental design combined with analysis of variance (ANOVA) to optimise print

parameters.

7.1.2.1. PARAMETER OPTIMISATION
There is a large body of literature focused on parameter optimisation. In the related experimentation,
one or more independent variables are changed and one or more dependent output variables measured.
The effects of changing print parameter settings are investigated and their values optimised for

superior dimensional performance or other quality metrics.
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A summary of these parameter optimisation studies is included in Table 7.2 below. As demonstrated,
a variety of process parameters have been investigated to understand their relation to dimensional

accuracy.

Process parameter Studies

[19,68,177,179,181,182,184,188,194,208,212,216,245,246,267,279,342,343,347,3

Layer Height 59,372,376, 421,423,425,427,428,430,431,434,456-487]

Feed rate [430,462,475,478,482,487-490]
Print speed [184,194,208,216,245,246,267,332,372,427,458,460,464,467,474,475,480,485-
487,490,491]
Air gap [181,182,268,376,428,431,434,465,492-494]
Raster angle [181,182,268,376,421,428,431,434,461,467,479,84,492-495]
Road width [19,181,182,184,245,268,359,376,421,428,431,434,457,460,464,481,492-496]
Number of perimeters [268,376,423-425,427,429,434,460,463,466,488,495,497]
Print temperature [194,208,264,267,279,327,332,347,348,359,372,424,425,429,430,458,460,467,47
1,477,482,487,488,490,491]
Nozzle diameter [19,481,498]
Bed temperature [194,208,267,490]

[68,177,181,212,246,253,266,342,376,421,423,428,431,434,459,461,463,466,475,
476,483-486,499-503]

Infill pattern [212,372,425,427,471,479,488,496,497]

[68,179,194,208,264,266,267,279,343,424,427,460,467,471,472,474,479,483,489,
491,501,502,504]

Build envelope position [212,211]
Table 7.2 Summary dimensional error parameter optimisation studies

Build orientation

Infill density

These studies typically employ either full factorial or Taguchi experimental design to vary multiple
parameters at various levels in an experimental approach. Analysis of variance (ANOVA) is used to
understand which parameters have an influence on the selected performance characteristics. Then,
main effect plots either of the raw output data or of signal-to-noise ratios are presented to determine
which combination of parameters is optimal. This is then often then experimentally validated,

particularly where a Taguchi experimental design was used.

Despite the existence of extensive research on parameter optimisation, this has not typically informed
parameter settings in the most popular slicers. Equally, the majority of users are not aware of their
findings and do not consult studies prior to component production. One of the major drawbacks of
these approaches is that there are additional parameters that are not held constant between studies and
are often not even specified in the study. In particular, the machine, material, component geometry

and slicer selected are rarely the same between any two studies.

The machine used, even for the same print parameters and component geometry, was demonstrated to
affect dimensional and geometrical accuracy and precision in Section 3. Similarly, the material [505]
(see also: Section 5) and component design [278,497] (see also: Section 6) are both known to affect
performance. Finally, as noted previously, and as explored by Baumann et al. [57], Sljivic et al. [58]
and Torok et al. [59], the slicer used can also have a significant impact on dimensional performance.
Failure to account for these additional effects means that outcomes cannot be properly generalised and

therefore each study provides only a specific solution for its experimental setup.
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7.1.2.2. DATA FILES
Potential sources of error in the production of data files were discussed in Section 3.4.1. This
highlighted the approximation of curved geometry to a series of straight lines as the primary source of
error within digital file creation. There has been a limited amount of attention given to this error
source in existing literature. Ledalla et al. [506] investigated various STL file mesh refining
algorithms as applied to the ME AM process. They identified the chordal error arising from the
mismatch between the straight line geometry of the STL model and a curved design surface. They
concluded that subdivision techniques could improve the component surface roughness, volume
accuracy and build time. Hallgren et al. [507] investigated the export of 3D data between CAD
systems. They noted that poor tessellation accuracy in the digital file directly translated to component
errors for the printed product. They proposed a data exchange method using STEP — 1SO10303
standards to produce mathematically exact data rather than the STL approximation to improve
geometric accuracy. Zha and Anand [53] developed a STL production technique that increased
resolution locally to more complex features. Qu and Stucker [508] provided a surface offset
methodology based on vertices rather than facets. This allowed inward or outward offsets for STL
models against the nominal geometry to be produced, allowing for the control of chord and

volumetric error.

The effect of data file errors are ultimately relatively small, and only arise with more complex curved
geometry. In most cases, selecting a reasonable resolution in the STL production produces a file that

gives a very close approximation of the nominal geometry.

7.1.2.3. MATERIAL SELECTION
Thermoplastic polymers have typically been used in the ME AM process, with ABS and PLA being
by far the most popular. Whilst not strictly a means of reducing error in all cases, the correct selection
of material ensures high quality parts and the development for new materials allows the possibility of
novel applications. A summary of non-polymeric materials explored in existing literature is provided
in Table 7.3.

Material Studies
Metals [47,509-518]
Composites [44-46,352,374,519-541]
Biomaterials [30,48,252,465,523,542-551]

Table 7.3 Summary of novel materials covered in extant literature

These studies have performed a variety of functions. In some cases, the use of the materials within the
current process is investigated to understand the level of performance possible. In other cases,
changes have been made to the software or hardware to specifically address limitations of the current

process and its historical focus on polymer feedstock.
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Duty et al. [552] investigated the main factors that influence the printability of polymers in ME AM.
They developed a viscoelastic model which identified flow through the nozzle, strand morphology,
mechanical strength and overall stability to be important factors. Their framework showed the
suitability of and provided guidance for the use of more unusual polymers such as high temperature
thermoplastics, fibre-reinforcements, low-viscosity thermosets and high coefficient of thermal
expansion thermoplastics. Wittbrodt and Pearce [553] showed the effect of PLA material colour on
the properties of ME AM components. They demonstrated differing levels of crystallinity in different
colours, which led to changes in tensile strength. Similarly, Hanon et al. [28] showed that PLA colour
affects the part weight and dimensional accuracy. Many studies have commented on the propensity
for ABS to warp post-deposition [180,273] and slicer generally includes higher bed temperatures to
try to overcome this effect. Fitzharris et al. [274] commented on the degree of crystallinity again
being a key driver for warpage behaviour. In order to provide the best dimensional performance for a
given material, the flow and deposition characteristics must be properly understood. For the most
popular thermoplastics this has been modelled in some detail, such as by Bellini et al [309]. However,

for more novel materials the exact characteristics would benefit from further research.

7.1.2.4. TOOLPATH GENERATION
The toolpath is generated by the slicer according to its own toolpath algorithm, print parameters and
the component geometry. The standard approach is to build a component layer-by-layer. Whilst there
has been much work covering the optimal orientation of the component, this nonetheless usually
requires that a two-dimensional toolpath is generated for each slice. Existing literature therefore
covers both the toolpath within the slice as well as generation of slice height and therefore
consecutive layers to produce three-dimensional components with optimal quality characteristics. In
terms of toolpath optimisation, the two most prominent output metrics that have been identified are

accuracy and build time. These factors are therefore considered in turn in this subsection.

XY plane deposition methodologies were introduced in Section 6.1 in the context of perimeter corner
deposition. This section presented viable approaches for toolpaths at corners and also some methods
to limit under-fill and over-fill errors within the interior. Jin et al. [554] presented an adaptive tool
path generation method. This considered both surface quality and build time to produce contours.
They then developed a hybrid tool path to improve both of these metrics whilst exploring contour
parallel and direction parallel infill. Jin et al. [555] modelled the outer contours using Non-Uniform
Rational Basis Splines (NURBS) and developed hybrid toolpaths to produce both the boundary and
zigzag infill. They additionally considered an adapted travel speed approach to reduce build time
whilst maintaining component quality. Han et al. [556] developed a deposition planning approach
based on a grouping and mapping algorithm in order to improve the quality of functional parts,
particularly reducing over- and under-fill within the layer. Volpato and Zanotto [557] explored the

impact of deposition sequence for low cost ME AM. This work mainly focused on the resulting
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mechanical performance, but found that deposition sequence strongly impacted this. Cao and
Miyamoto [558] described a method for directly slicing from CAD files using lines, arcs and circles,
to improve the slicing speed and accuracy. Simsek and Yaman [559] demonstrated the impact of infill
around holes. They suggested that the use of symmetric depositions and control of the order could
yield improved dimensional accuracy. Yaman [560] later refined this proposal further. Jin et al. [561]
developed a toolpath algorithm to reduce the need for inter-deposition moves with their associated
retractions. It has been noted in previous sections that the start and end of strands provide significant
impediments to dimensional accuracy, so this approach may help improve component quality even
though the study focused on reducing build time. Guerrero-De-Mier et al. [562] proposed a novel
slicing methodology to reduce component warpage. In this approach, the component was broken up
into blocks in a process referred to as ‘bricking’ to minimise the presence of long uninterrupted
sections perpendicular to the build direction known to contribute to warping. Ghazanfari et al. [563]
developed an adaptive raster pattern to reduce infill errors at the boundary, though this did not
acknowledge the presence of contour parallel perimeters which usually mitigate these errors. Jin et al.
[564] provided a novel path planning approach specific to thin-walled parts, though for sufficient part
mechanical performance such features are often avoided. Jensen et al. [565] provided toolpath

strategies for novel 5- and 6-axis AM machines.

The concept of cusp height tolerance was first introduced by Dolenc and Makela [340]. If a maximum
allowable cusp height error is determined in advance, then suitable layer thicknesses and outer
perimeter position can be generated. Boschetto and Bottini [62] analysed the virtual surface of
components to be manufactured via ME AM to assess its suitability for production. This work focused
on the error generated on slopes as a result of the layer-by-layer nature of the process. Anisotropic
offsets are applied across the virtual model surfaces prior to manufacturing, and show a good level of
improvement even when thermal and kinetic effects were not explicitly considered in the modelling.
Mohan Pandey et al. [566] described the possibility of all slicing sitting either within the nominal
outer surface, all outside the surface, or some combination of the two depending on whether cusp
heights or volumetric errors are deemed more important. Kulkarni and Dutta [337] also studied the
interaction of slice heights with the outer surface. They provided a detailed slicing method to reduce
volumetric error again based on a prescribed cusp height. Chui et al. [567] developed a new slicing
method to ensure unilateral tolerance. This selected slicing rules based on the working direction and
outer surface normal vector. As with other studies, they identified that certain geometries are more

prone to error; for example peaks, valleys and fine features.

Much of the literature regarding toolpath generation has focused on reducing build times. As with the
accuracy-related studies outlined above, these again address the two primary aspects of XY plane
deposition and (vertical) slicing procedures. Slicers typically allow the user to select infill proportions,

print speeds and number of perimeters. Some guidance is given when the user interacts with these and
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an estimated print time is calculated. In order to improve the build time, it is most common to reduce
the infill (at the cost of mechanical performance) and increase print speed (at the cost of dimensional

accuracy).

Sabourin et al. [339] proposed toolpath generation whereby the exterior was deposited more slowly
for maximum accuracy, whilst a more rapid infill reduced build time. As noted in Section 6, current
popular slicing software utilises this approach. Shoji et al. [568] also investigated high speed
deposition techniques, by introducing variable nozzle feed speed depending on toolpath. Brooks et al.
[569] explored the concept of variable deposition. They noted that a small nozzle is essential for fine
details whilst leading to long build times. They developed a variable diameter nozzle and new
toolpaths to demonstrate the validity of their approach. Kuipers et al. [570] and Xiong et al. [571] also
dealt with variable width deposition via contour parallel toolpaths and variable extrusion rates, though
they did not propose hardware revisions. The resulting method claimed improved build times as well
as reduced dimensional error and voids. Papacharalampopoulos et al. [572] developed an infill-
specific path planning approach based on Hilbert curves to reduce idle time associated with grid-
based patterns. Shaikh et al. [573] also used Hilbert curves in their toolpath generation method and
demonstrated the same improvements. Wang et al. [574] developed multiple print heads working at
once with their own toolpaths. They identified regions of potential conflict and introduced algorithms
to allow simultaneous deposition and reduce build times. Han et al [575] developed a build time
analysis method to assess the most important parameters and their effect on other output
characteristics with respect to build time. Lensgraf and Mettu [576] proposed an algorithm to print
complex features in their entirety before moving elsewhere on the component. This vastly reduced
build time for components where there were many closed geometries in a single layer, but also led to

some printing inaccuracies from excessive heat build-up.

The analysis of cusp height error leads to the concept of adaptive slicing, whereby layer heights vary
at the local level whilst maintaining cusp height limits. Tyberg and Bohn [577] first introduced this
technique, though it has since been studied by many others [338,341,578-590]. This allows much
faster build times by increasing height around more simple geometries. However, it should be noted
that this reduces surface roughness as demonstrated in detail in Section 5 for vertical walls and on

sloped walls due to the more prominent staircase effect.

In a departure from the common sequential deposition of two-dimensional layers, a number of studies
have considered alternative approaches. The most common of these is known as curved layer
deposition, or curved layer slicing [591-599]. In this process, the three-dimensional component is
decomposed not into a series of parallel planes but rather curved planes which are usually defined

relative to an upper surface. This reduces the presence of the staircase error on inclined surfaces and
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can reduce component anisotropy. Similarly, Zhao et al. [600] developed a solution for inclined layer

printing to reduce the need for support structures and improve surface roughness.

Whilst there has clearly been significant attention given to the generation of toolpaths within the ME
AM process both to reduce build times and fabrication errors, these approaches have gained little
traction in popular slicers. In many cases, the proposed solutions are highly complex or are not
applicable to the grid-like infill patterns most commonly used in modern slicers. As a result, the
toolpath for most components and most slicers remains relatively basic, consisting of contour parallel
perimeters and porous grid infill.

7.1.2.5. EXTRUSION GENERATION
It has previously been discussed that the G-code assumes constant extrusion along the toolpath, but
that in reality this is not achieved. Section 6.1 covered this phenomenon in some detail as well as the
existing approaches to produce more uniform material flow. Whilst these will not be repeated here, it
is worth reiterating that the improvements could be divided into two broad approaches. The first was
to control the extrusion itself as a function of nozzle position and velocity. This involved matching the
flow rate to the actually nozzle dynamics rather than the nominal uniform motion. The second was to
alter the toolpath to ensure that current extrusion generation methods yielded improved performance.
This usually resulted in more rounded toolpaths to reduce velocity changes at sharp corners in the XY
plane.

7.1.2.6. NOVEL MACHINE DESIGN
Improvement approaches presented in the previous subsections involve optimising the current process
hardware. This has revealed significant research across component design and software aspects
including process parameters, data file aspects and toolpath and extrusion generation. This subsection
presents existing studies which have developed novel machine design elements in order to change the
traditional ME AM process and yield performance improvement. These approaches can be grouped
into the following categories, which are explored in turn: machine motion, extrusion/heating
mechanism, nozzle design, deposition assistance and sensing/failure monitoring. Machines which

integrate a further processing step are discussed separately in Section 7.3.

Kampker et al. [601] noted four main printer designs: Cartesian, polar, delta and robot arm. Park et al.
[35] developed a 4-axis machine, where material was deposited around a rotating cylinder in order to
fabricate an artificial trachea. There are numerous examples of the development of 5-axis machines.
This motion has been achieved in different ways, but the most common purpose has been to remove
the need for support structure on overhangs. Gilberti et al. [518] developed a 5-axis parallel
kinematics machine to enable improved surface quality and remove the need for supports. Wang et al.
[391] provide an implementation of a 5-axis dynamic slice algorithm to reduce the need for support

generation. They used a rotating build plate to enable an additional two degrees of freedom and
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demonstrated the validity of the approach on various complex geometries. Khan and Ademujimi [602]
modified a 5-axis Cartesian CNC machine to produce complex components without support
structures. Zhang et al. [603] undertook a very similar study, again demonstrating a reduced need for
support material. Asif et al. [604] designed a 5-axis machine to reduce the need for support material in
combination with a photocurable filament material. Isa and Lazoglu [605] developed a 5-axis machine
based on the delta design to enable novel curved deposition paths. Finally, Lee et al. [298] also
modified a 5-axis machine to combine ME AM with a CNC machining process.

Zhao et al. [599] developed a 4-axis rotary printer with dual extruders to enable curved layer
deposition. They noted that this brought improvements in surface finish, geometrical accuracy and
mechanical performance. Zhang et al. [22] developed a 6-axis machine to aid with the deposition of

continuous fibre strands. This was based on a Cartesian system with three additional axes of rotation.

Woulle et al. [606] identified the requirements and capabilities of multi-axis ME AM systems. They
again identified improved surface finish and the lack of support structures as benefits. They noted
increased complexity of hardware and software, including avoiding collisions with the component as
it is being fabricated. Minetola and Glati [41] investigated the use of self-replicated components on a
low cost desktop machine to improve performance, including tensioners, rigid supports, anti-vibration
support and bed levelling mechanisms. Hu et al. [607] utilised a two degree of freedom fixing
mechanism for the bed enabling better dimensional integrity at high temperatures.

Hu et al. [607] added a heat collector module to the extrusion mechanism to enable the printing of
high melting temperature materials such as PEEK. Bezukladnikov et al. [608] noted that once major
disadvantage of the standard induction heating method is the unevenness of the heat distribution. They
therefore presented an optimisation of the heating process via mathematical modelling and suggested
improvements for more linear temperature distribution. Sukindar et al. [609] developed a design for a
cylindrical heating block rather than the more traditional square section, which they demonstrated was

better able to maintain temperature.

Gilberti et al. [518] developed a novel extrusion mechanism to deal with high viscosity mixtures with
low polymeric content. Leng et al. [610] developed a conical screw-based extrusion mechanism. This
was combined with a precise positioning and control system and yielded improved extrusion
performance for soft materials such as TPU, which the traditional extrusion mechanism can have
difficulties with owing to the increased elasticity. Hou [516] presented analysis of three separate
extrusion mechanisms. They simulated the behaviour of piston and slide pump-based extruders to
improve flow control and overall part quality. Netto and Silveira [611] developed a new print head
incorporating a twin-screw extrusion mechanism. This enabled material mixing and demonstrated the
potential for improved flow control. Han et al. [612] also developed a colour mixing extrusion

mechanism based on two conventional extrusion mechanisms arranged in a Y-shaped geometry.



135

Similarly, Prusinowski et al [536] developed a mixing extruder to enable control of the polymer
filling proportion for fibre reinforced composites. Klar et al. [613] presented a syringe-based extrusion
mechanism based on an open source design. This was combined with a load cell to measure piston
force and control material flow and was suggested as a viable solution for paste extrusion. Durna and
Fries [614] provided a modification of the nozzle assembly to aid heat transfer and print materials

with higher melting temperatures.

Sukindar et al. [615] investigated the effect of nozzle diameter on the extrusion of PLA during the ME
AM process. They used FEA to model the pressure drop, concluding that a 0.2mm nozzle created a
larger pressure drop and was therefore not optimal when compared to the more standard 0.4mm
diameter. In their study of extrusion mechanisms, Hou [516] also investigated a design with reduced
nozzle diameter which they found improved printing precision and did not lead to printability issues.
Shaw et al [616] investigated the use of high aspect ratio nozzle to achieve high speed ME AM. This
work focused on the deposition of pastes, but showed the potential for higher rates to be reached. Gao
et al. [617] demonstrated that the angle within the nozzle and the radius of the transition arc and
length of the extrusion section are important factors which affect output flow. Sukindar et al. [618]
undertook analysis of the mechanical properties of components produced in PLA using a novel 3D
printer nozzle. They altered die angle and nozzle diameter in order to improve strength. In a separate
study [619], they also investigate the effect of die angle when printing polymethylmethacrylate
(PMMA). They varied the angle from 80° to 170° and determined 130° to be the optimal angle for
consistent extrusion rate. Min et al. [620] proposed a lengthening of the nozzle flow passage in order
to increase adhesive force against the melt and reduce over extrusion between depositions due to
residual pressure. Li et al. [621] studied the die geometry of the nozzle against the non-Newtonian
fluid flow in the ME AM process. They explored the use of different materials and geometries to
improve the fluid flow and concluded that a non-parallel final passage improved fluid flow.
Comminal et al. [356] conducted a detailed study of nozzle geometry on the deposited strand cross-
section. They tested a cylindrical, square and side plate extension nozzle and found that the side plate
improved compactness of the outer surface but that the square orifice offered no significant benefits
over the standard cylindrical design. Tsao et al. [622] developed a novel nozzle design to allow vari-
directional and vari-dimensional deposition. This design consisted of a controllable gate and flow
channel together with additional axes of motion to perform freeform shapes and variable deposition.
However, this design produced poor results when operating at a scale of below 1Imm. Nienhaus et al.
[623] tested a range of commercially available and custom-made nozzles to investigate the effect of
various diameters and conical angles. They concluded that 56° gave the lowest extrusion force, though
noted that between 30° and 118° the contribution to overall forces was low. They also concluded that
the effect of nozzle materials and the use of coatings has a negligible effect, but two entry channels

had the possibility to increase maximum feed velocities. Despite this, Liu et al. [624] proposed to
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change the nozzle material from the common aluminium bronze to beryllium bronze to reduce the

likelihood of nozzle blockages.

Wei et al. [625] developed a nozzle cleaning mechanism to prevent damage to the nozzle and reduce
error defects from total and partial blockages. Ktodowski [626] developed a novel nozzle assembly to
eliminate the problem of melt leakage, which can lead to flow rate errors that in turn contribute

directly to dimensional inaccuracy.

There have been some isolated studies which have combined additional processes with deposition to
improve performance. Ravi et al. [627] integrated a laser ahead of the deposition path to improve
interlayer bond strength. Wjesundera et al. [628] integrated the use of acetone vapour between layers
to achieve similar improvements in strength, was well as noting improved surface finish and reduced
porosity. Similarly, Maidin et al. [629] investigated vacuum assistance in the printing of ABS

microstructure to improve tensile strength.

Wau et al. [630] developed a method for monitoring process failures via the analysis of acoustic
emissions (AE). The found that nozzle blockages or lack of material feed could be analysed
acoustically with an accuracy rate of over 90%, allowing corrective measures to be taken prior to
complete failure. Liu et al. [631] also presented an acoustic-based solution, which they demonstrated
to be effective for detecting relatively minor nozzle blockages. Yang et al. [632] utilised AE
monitoring to target filament breakage in particular and demonstrated feasibility and effectiveness of
their proposed system. Tlegenov et al. [633,634] presented a system for nozzle condition monitoring
in ME AM. This approach focused on identifying nozzle clogging errors using a vibration sensor
mounted to the chassis. Kim et al. [635] developed an in-situ motoring and diagnostic system based
on a support vector machine (SVM) algorithm utilising both an accelerometer and AE sensor. This

demonstrated fault detection accuracy of 87.5%.

A large number of studies proposed the use of optical systems to generate process performance data.
Baumann and Roller [636] developed a vision based error detection system. This checked for
component detachment, missing material flow and part deformation and allowed remote monitoring
and alarms where these were detected. Wu et al. [637] developed a machine vision-based statistical
process control of ME AM. This involved taking an image of each layer, extracting the contour and
comparison with the nominal geometry. This was shown to be able to detect errors with an accuracy
of 0.5mm, and was therefore not suitable for micro-geometrical errors. He et al. [638] monitored the
geometric quality of components using a non-contact machine vision technique. The applied a
statistical process control method which generated geometrical deviation data to detect layer shifts in
particular. This approach was experimentally validated and shown to be effective. Preissler et al.
[639] evaluated the effectiveness of a single camera mounted above the build plate versus

stereoscopic vision systems. They concluded that both approaches were viable, though the 3D system
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was preferable as it provided more detailed data. Preissler et al. [640] developed this approach further,
integrating a three-dimensional hardware platform to capture point cloud data and identify errors such
as warpage, blobbing, weak infill and poor bed adhesion. Liu et al. [641] demonstrated the feasibility
of image analysis-based closed loop control. This combined the collation of image data with real time
parameter control to improve component quality. Park et al. [642] measured axis deflection in real
time using an optical sensor and corrected for the error. Nuchitprasitchai et al. [643] presented a
method for 360 degree monitoring of the ME AM process using two cameras integrated with a low
cost open source printer. They developed an algorithm in Python run on a Raspberry Pi computer to
detect print failures in real time. Shen et al. [644] proposed an online vision detection system. This
process collected image data, applied and combined multiple image processing techniques and
showed a strong ability to identify layer defects. The majority of previous vision based systems were
demonstrated to deliver improvements targeted against specific error modes, though were not
generalisable to alternative component designs, machines, materials or parameters. However, recently
Brion and Pattinson [645] presented an approach utilising deep learning with the capability to provide
real time process improvement, particularly for novel materials or unknown parameters. Whilst all of
the techniques outlined above rely on additional hardware and processing, it may not be necessary to
include a full installation on all ME AM machines. Instead, it may be possible for manufacturers to
utilise these approaches and the findings be integrated into suggested parameters or even into the

physical design of the machine itself.

Lianghua [646] developed the concept of a ‘digital twin’ component in ME AM. Sensing data was
used to create a digital copy of the component under production, which could then be analysed for
contour errors. Rao et al. [647,648] proposed an online quality monitoring system using
heterogeneous sensors to monitor ME AM in real-time. This involved the use of a complete range of
thermocouples, accelerometers, IR sensors and a miniature borescope to detect errors. The authors
showed that this set up was able to detect any error with an accuracy of approximately 85%. They
noted this was superior to existing approaches for monitoring which were typically capable of
between 55 and 75%. Moretti et al. [649] similarly proposed the development of a ‘smart’ ME AM
system which used multi-sensor data fusion for in-situ monitoring. They noted that multiple sensors

enabled detection of faults that single-sensor based solutions would miss.

Kousiata and Karalekas [650] monitored strain and temperature distribution during the deposition
process. They integrated optical Fiber Bragg Grating (FBG) sensors for continual in-situ real-time
monitoring and demonstrated that recorded strains were significant and temperature gradients were
found across the build envelope, both of which can negatively affect dimensional performance. He et
al. [651] developed an approach to error monitoring by measuring the temperature field of a
component during deposition. This allowed the identification of the component geometry as well as

deposition start and end points.
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Coogan and Kazmer [652] proposed a solution for in-line rheological monitoring. This involved the
measurement of volumetric flow and shear rates in combination with temperature to improve fluid
flow accuracy. Similarly, Anderegg et al. [653] developed an in-situ flow temperature and pressure

monitoring solution.

Tlegenov et al [654] proposed a nozzle condition monitoring solution based on current of the
extruding motor, rather than vibration sensors as had previously been demonstrated. Similarly, Kim et
al. [655] presented a study where the pressure was monitored within the melt chamber to detect
material deposition errors. This was experimentally validated and showed that flow rate changes

directly fed back to current levels supplied to the feeding motor.

Moretti and Senin [272] developed a solution to detect part warpage through analysis of the repulsive
force acting on the extruder during subsequent layers. This approach showed warpage detection

accuracy of over 90%, though did not seek to improve performance.

7.2.ERROR COMPENSATION

In the context of ME AM, error compensation is considered to be machine-specific offsets given
known (measured) errors. The application of compensation factors can then be added to the original
virtual component to produce final dimensions closer to the nominal values. Alternative methods
often referred to as compensation, such as generalised techniques to minimise feature-based errors or
generic process offsets are considered elsewhere.

Before discussing existing work on error compensation, it should be noted that manual error
compensation, specific to a machine, material and component is often the approach taken in practice
by a user. This trial-and-error approach was outlined in Section 2 and was noted to mitigate many of
the potential benefits of the ME AM process. The studies outlined here instead suggest the application
of automatic compensation factors, which can either be applied to the input file or accounted for in the

machine firmware.

In a 1995 publication, Sartori and Zhang [656] outlined methods for measuring geometric error of
machines and applying software compensation. This provided generic approaches regardless of the
exact process by developing a vectorial equation to describe errors, including highlighting 18 error

modes. They recommended application at the production rather than machine level to improve errors.

Tong et al. [657] developed an error compensation method inspired by parametric evaluation of CMM
and machine tool systems. They later updated this approach [183], where they proposed an error
compensation technique which involved the production and measurement of reference geometry,
comparison between actual and nominal values and the development of a virtual parametric error
model. They noted that this could be applied either to the virtual part (STL) or in the slice file

(machine code) and that in practice given machine resolution limits, it was not important which was
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used. Cajal et al. [658] simplified the kinematic model of a Cartesian AM machine to 18 independent
error functions. Reference artefacts containing various geometries were produced, and each was
measured using a CMM. The 18 error modes were then quantified and compensated for, yielding an
improvement of 70% in global error. Keaveney et al. [296] provided methodologies associated with
CNC machining systems. They utilised an 1SO230-4 standardised test and a Renishaw ballbar QC10
to populate an error model. Post-processing of the printing code yielded a 58% improvement in
circularity error and a 90% reduction in squareness error. Song et al. [51] printed small cross-shaped
components across the build envelope to measure error prior to error compensation. They determined
that errors varied in their direction and magnitude depending on build plate position. Huang [659]
provided an analytical framework for compensation of components produced on AM machines. They
used a minimum area deviation criterion to offset two-dimensional shapes and covert this to three-
dimensional components as produced in ME AM. Li et al. [660] determined error compensation
values for a fabricated bracket for use with printed circuit boards. They produced an error model and
calculated adjustment factors, which yielded significant improvement in the function of the

component.

Rahman et al. [661] investigated scale errors in the fabrication of ABS components. They altered six
processing parameters and measured scale errors. They found that these varied significantly with
changing input parameters, which makes simple error compensation somewhat unsuitable. Boschetto
and Bottini [662] proposed the use of a triangular mesh offset approach to improve dimensional
accuracy. They noted errors of the order of tenths of a millimetre depending on the geometry, and
demonstrated improved performance on both simple and complex geometries by applying their mesh
offset. Stopp et al. [663] developed a novel method for machine calibration. They produced a series of
test cubes across the build area which were then measured and compared against the nominal values.
They found machine error to vary significantly depending on position. Through suitable calibration,
they noted error improvement from 0.4mmz=0.2mm to 0.04mmz0.03mm. Lyu and Manoochehri [664]
provided an integrated error model with compensation to improve performance. They fabricated a

reference artefact and measured it using a CMM to calculate coefficients for the error model.

Many studies have investigated shrinkage error, primarily of ABS which shrinks during solidification
due to its high degree of crystallinity. Dao et al. [195] calculated a shrinkage compensation factor
(SCF) using the ‘Christmas-tree’ test procedure. They found a SCF of 1.010 reduced mean error by
over 50% for a component manufactured in ABS. Manmadhachary et al. [207] found correction
factors for a bio-AM model produced via ME AM. They fabricated and measured a mandible using
ABS and found a correction factor of 1.003, which they noted gave a dimensional error of within
0.3%. Dilberoglu et al. [196] calculated SCFs for ABS. They used FEA to predict shrinkage
behaviour and applied correction factors after fabricating and measuring a component with a CMM.

Ranganathan et al. [25] analysed SCFs of a part manufactured from ABS. They produced a
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component and measured it via a CMM, finding a uniform SCF of 1.068. Bahnini et al. [230]
calculated SCFs for circular and square shapes via modelling and measurement of fabricated
components. They then modified the CAD file directly and demonstrated superior dimensional

performance.

Sbhaglia et al. [665] provided a simplified methodology for the calibration of a linear delta ME AM
machine. They measured nine error modes and multiple positions using a dial gauge to produce a
kinematic error model against which offsets could be generated.

7.3.POST-PROCESSING

Post-processing refers to the addition of a separate process after the production of an ME AM
component to improve quality characteristics. Such processes can be categorised in terms of their
physical mechanism; chemical, mechanical and heat. Studies which have proposed and demonstrated

the use of each of these are provided in this subsection.

There have been a large number of studies which have investigated the use of chemical treatments to
improve the performance of the ME AM process. These have generally focused on improving surface
roughness by removal of the staircase or vertical layer effects and have overwhelmingly used ABS.

Kuo and Mao [666] and Kuo et al. [667] developed a precision surface polishing machine for ME AM
components. They used an acetone vapour system to smooth ABS parts and reduce the surface
roughness whilst maintaining dimensional accuracy. Nsengimana et al. [668] investigated mechanical
post-processing on other AM technologies and vapour smoothing of an ME AM ABS component.
They reported dimensional accuracy of approximately £0.1mm after the vapour treatment. Galantucci
et al. [669] provided a quantitative study of dimethylketone—water solution dipping to reduce the
surface roughness of ABS components. They demonstrated improved surface roughness with no loss
of mechanical performance, though sharp corners exhibited significant rounding. Jayanth et al. [670]
investigated the application of acetone and 1, 2 dichloroethane chemical treatments on ABS
components. They showed that the dichloroethane game the biggest improvement in surface finish
and dimensional accuracy, but that tensile strength was reduced. Chohan et al. [234] investigated the
use of vapour smoothing on dimensional accuracy and surface finish using ABS. They found that
surface finish was improved but linear and radial dimensions both reduced after the smoothing
process. Jo et al. [671] introduced two possible techniques to improve the surface finish of ABS parts.
They provided experimental examples of an acetone fumigation/dipping and resin infiltration. They
concluded that resin infiltration was the most promising method. Haidiezul et al. [672] demonstrated
significant improvements in the surface finish of ME AM components through the use of XTC-3D
chemical coating on ABS. In the interests of brevity, in addition to the above studies it is noted that
many others have specifically addressed vapour smoothing of ABS components to improve surface
finish [499,502,673-683].



141

Nguyen and Lee [684] proposed a methodology consisting of chemical treatment, and aluminium
coating to produce improved surfaces suitable for high temperature applications. This process reduced
surface roughness to approximately 2um. Krishna et al. [685] investigated acetone vapour smoothing,
shot blasting and laser assisted finishing of ME AM components. They concluded that vapour
smoothing performed the best, whereas shot blasting led to loss of surface features and laser
processing burned the surface leading to discolouration. Dixit et al. [686] explored the effect of
electroless metallic coating on ABS to improve surface roughness. They investigated the deposition of
copper and aluminium and found reductions in surface roughness of approximately 30%.

Jin et al. [687] have highlighted that chemical treatment of PLA has received little attention in
existing literature. They therefore proposed a theoretical model and used dichloromethane to improve
the surface roughness of components. The concluded that this process both improved surface finish

and toughness of PLA specimens.

The most common mechanical process proposed in the literature is the use of CNC machining
together with ME AM in a process commonly referred to as ‘hybrid AM’. There are many studies that
have combined machining with other AM techniques such as SLA, SLS and metal welding processes,
though only ME AM solutions are presented here.

Tomal et al. [469] noted two main issues with integrating CNC machining; running two separate
control systems and alignment of the two toolpieces. Printing and machining components at layer
heights of between 0.1mm and 0.2mm showed that the addition of a machining process improved
dimensional accuracy by between 66% and 80%. Hu et al. [688] explored the optimal build
orientation for components subject to CNC machining post-fabrication. They provided an algorithm to
optimise for build time, machining accuracy and to allow tool access to surface features. Lee at al.
[298] designed an integrated ME AM and machining 5-axis machine. This allowed the extruder and
spindle to be interchanged with no reduction in build envelope. They noted improved dimensional
accuracy and surface finish. Similarly, Amanullah et al. [689] proposed a CNC machining and ME
AM hybrid machine which uses a rotary stage to eliminate misalignment errors. Boschetto et al. [690]
applied CNC machining with variable cutting depths to reduce surface error without introducing inner
defects. They developed a method of varying cutting depth with cutting angle to reduce average
roughness and increase uniformity. Del-sol et al. [691] studied the surface quality of ABS components
following machining. They discussed that vapour-based treatments are costly and can have a
significant environmental impact. By using various milling path strategies, they demonstrated
improvements in dimensional accuracy of 50% and surface roughness measurements by up to 90%.
Kale et al. [692] optimised a CNC machining and ME AM hybrid process. They demonstrated that for

similar performance to conventional machining, less material wastage was observed. Parenti et al.
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[693] combined the extrusion of metals and ceramics with a green component milling operation. They

showed that this allowed significant improvements in accuracy and surface quality.

Limited alternative mechanical operations have been added as a post-process. Pandey et al. [55]
developed a hybrid system which utilised Hot Cutter Machining (HCM). They provided an adaptive
slicing algorithm prior to machining, and demonstrated that in combination with machining this
allowed lower build times and superior surface finish. This approach was later improved upon [694].
Grgura$ and Kramar [695] utilised a CNC machining process after deposition with a much larger
nozzle than standard. They demonstrated significantly reduced overall build times without detrimental
effects on surface finish. Boschetto and Bottini modelled [696] and investigated [697] surface
improvement via barrel finishing. They found that the deposition angle during fabrication
significantly affected the rate of material removal and that surface profile height was reduced from

approximately 60pum to 15 pm.

Some studies have utilised heat-based processes to improve the characteristics of ME AM
components. Taufik and Jain [698] proposed a selective melting process to improve surface finish.
They mounted a heated ball nose tool at 200°C to the machine and melted the peaks of the layer-based
surface profile. This reduced the surface roughness Ra value from approximately 16um to 3um. Chen
et al. [699] presented a method of improving surface reflectivity. After production, a surface was
pressed into glass and heated to produce significantly lower surface roughness. However, the authors
noted significant shrinkage and dimensional fidelity loss of the component, and the proposed
approach was limited to flat surfaces. Taufik and Jain [700] proposed a laser-assisted finishing
process. This demonstrated complete removal of the visible surface roughness. Adel et al. [701]
explored the use of hot air jets to improve surface finish. They demonstrated that this process was
capable of reducing surface roughness from approximately 9 um to less than 1um. Thermal annealing
of ME AM components has also been investigated, though this has focused exclusively on improving

mechanical performance [702-704].

7.4.PROPOSED PROCESS IMPROVEMENT APPROACH

7.4.1. LIMITATIONS OF EXISTING PROPOSALS
The previous three subsections have collated existing methods of improving the ME AM process.
However, whilst a significant amount of literature has been generated, the majority has not been
adopted by popular machines or software and so has thus far had little impact for the typical user.
These solutions often add complexity and cost, do not properly address the types of error investigated
in the earlier sections and lack general applicability to the range of scenarios that an ME AM user

might experience. This subsection provides a brief explanation of these shortcomings.
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7.4.1.1. ERROR AVOIDANCE
Many studies have suggested disparate approaches for rules and support systems to help the user
make design decision specific to ME AM, though these have typically addressed the use of print
parameters rather than component design. Some publications have also included component design
rules, but these have been quite general in nature. There are many further support systems which aid
process attributes common between AM technologies such as layer geometry. It is evident that there
is no single recognised set of rules for ME AM, and that users still lack clear and concise information,
as Wang et al. [406] have noted. This is validated by the trial-and-error approach which is commonly
adopted by users.

Whilst parameter optimisation studies have been widespread, their findings have not been adopted by
popular slicers. A wide variety of print parameters have been investigated and their effects on output
characteristics measured but because other factors are rarely constant, such as component design,
slicer and material, generalisable rules cannot be gained. There is relatively little scope for
improvement in data file handling, and such factors become less relevant if geometry isn’t highly
complex. Toolpath generation approaches have largely focused on speed and surface roughness rather
than dimensional error, and as such have limited applicability. Extrusion generation has often also not
focused on macro dimensionally performance and where it has, relatively complex systems to control
fluid flow have been proposed. These also lack general applicability to specific materials, machine
design and geometry and undoubtedly add cost and complexity to the process. Materials research has
tended to concentrate on achieving printability for novel materials rather than dimensional error of the
most popular polymers. Finally, novel machine designs have also rarely focused on increasing
accuracy. More complex motion systems primarily address support reduction. Other machine design
elements improve the process slightly, but leave the same fundamental problems of fluid flow control
and subsequent deposition errors. Monitoring systems mainly aim to avoid outright failure and lack
the resolution to detect the smaller dimensional errors demonstrated in previous sections, and in any

case once more add significant cost and complexity.

7.4.1.2. ERROR COMPENSATION
To produce error compensation metrics for a specific machine necessarily requires the fabrication of
test components then accurate measurement of various features. Clearly, for the typical user access to
and knowledge of such measurement systems is not likely to be feasible. It is possible that machine
manufacturers could calibrate machines prior to distribution, however many popular desktop

machines require self-assembly which would make this approach impossible.

Regardless, because the performance of the process is known to vary with component design, print
parameters, material and even environmental factors, any attempt to quantify and correct for errors is

necessarily narrow and could yield worse results in certain circumstances. Efforts are likely best
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placed in reducing machine error and variability through high quality machine design and

components.

7.4.1.3. POST-PROCESSING
Effective post-processing techniques were shown to mainly consist of chemical, mechanical and heat-
based approaches. However, the addition of separate processes to ME AM requires new hardware and
software to be integrated and therefore also adds complexity, time and cost. The extant literature has
also revealed that the processes themselves have limitations both in application and output
characteristics. For example, chemical processes have almost exclusively been applied to ABS,
whereas PLA has been an increasingly important material for safe and cheap ME AM production.
Similarly, heat-based processes are not applicable to certain materials such as composites and pastes
and mechanical approaches cannot be applied to all component geometries. In terms of improved
performance, the vast majority of these post-processes deal with improvements in surface finish rather
than component dimensional accuracy. In some cases, the improved surface finish is to the detriment
of other quality characteristics such as mechanical performance or dimensional error, particularly of
sharp corners or small features. As a result, they have limited applicability to improve the accuracy

and precision errors outlined in the previous four sections.

7.4.2. HARDWARE VERSUS SOFTWARE
The modes of error improvement presented in this section have variously been applied at the hardware
or software level. For example, extrusion flow control methods, new toolpath approaches and
parameter optimisation studies all utilise the current process and modify software to achieve
improvements. Conversely, novel machine motion systems, nozzle designs and post-processing

techniques all require hardware revision.

Regardless of the approach taken, it is clearly preferable for process improvements to be realised
independently of user interaction wherever possible to remove the possibility of human error,
streamline the process and remove the need for extensive user experience. The ME AM process has
shown to be complex, consisting of the heating and extrusion of non-Newtonian polymers through a
sub-millimetre scale nozzle into fine deposited strands. Although in specific circumstances, the
software approaches have been demonstrated to yield improved results these are often highly complex
solutions and have yet to be implemented on desktop ME AM machines. The process is highly
sensitive to the selection of process parameters, material, machine design and component geometry.
Given there are a great number of possible combinations of these, delivering improved performance in

all situations is therefore a very difficult task.

In contrast, hardware solutions aim to alter the process in some fundamental manner for all situations.
As an example, improvements in machine motion through the addition of axes of rotation or the

application of CNC machining post-process produces improvements impossible via software
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modulation alone. In the case of CNC machine, the sensitivity to print parameters is reduced such that
the complexity of processing may be reduced for the end user. Although many hardware solutions add
some processing complexity, they nonetheless present an opportunity to radically improve the

fundamental performance of the ME AM process.

7.4.3. PROPOSED HARDWARE APPROACH
Despite the numerous examples of potential solutions outlined in this section, these have not been
incorporated into popular machines or slicers today. The proposed approach investigates a new nozzle
and machine design and associated slicing parameters which can be taken together with the aim of

yielding immediate improvements.

Comminal et al. [356] conducted a numerical study of three different nozzle designs. The first two
designs were the standard circular orifice versus a square section. Whilst the square section has a
different geometry and a slightly higher throughput, it was demonstrated that following the deposition
and solidification of molten material the final strand morphology was unaffected. In this same study, a
novel nozzle design incorporating a side plate extension was also modelled. The presence of this plate
marginally increased printing forces (though less than for the square section nozzle) and suggested a
significant improvement in the outer deposition surface. This study was limited to numerical
modelling and so did not demonstrate the practical feasibility of the design. It is proposed that

physical experimentation utilising this design is undertaken to demonstrate the validity of the model.

The design with a side piece theoretically enables a consistent vertical side geometry to be realised
despite flow irregularities. Previous experimentation has shown significant changes in strand
morphology and outer perimeter geometrical accuracy both for changing print parameters and at
direction changes. Such a design therefore has significant potential for rectifying these errors and
reducing the sensitivity of the process to changing parameters, materials and geometry. In addition to
improved dimensional accuracy, the proposed design may have other benefits. Surface finish was
shown to deteriorate with increasing layer height, whereas theoretically a uniform vertical edge would
be unaffected and so would enable lower build times. The altered strand morphology may also enable
larger inter-strand bonding areas and lower bulk porosity leading to improved component mechanical

performance.

The previous numerical study considered only steady state straight depositions. Clearly, to deposit a
closed outer perimeter the nozzle must also rotate such that the side piece is always parallel to the
instantaneous direction of travel and is on the outer edge of the perimeter. This requires the addition

of a fourth axis for the rotation of the nozzle relative to the build plate.
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The experimentation of this new design consists of two aspects. First, the steady state performance of
the novel nozzle design is determined. Second, the most promising design and print parameters are

translated to XY performance in combination with a modified ME AM machine allowing rotation.
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8. MODIFIED NOzzZLE GEOMETRY STEADY-STATE FILAMENT

MORPHOLOGY

This section describes the experimental work undertaken with novel nozzle designs which incorporate
an additional side piece to guide material extrusion and deposition, hence improving the uniformity
and surface profile of strands. First, preliminary studies are undertaken of a number of modified
nozzle designs to understand the impact of various design parameters and machine setup factors. This
is necessary as this work is completely novel, with a modified nozzle of this nature and scale only
having been explored in the theoretical modelling approach used by Comminal et al. [356]. Following
these qualitative investigations, the most promising modified nozzle design and experimental setup is
selected for a quantitative study, whereby the optimum print parameters are selected with the newly-
modified nozzle via a parameter optimisation study. The results from this are then used to inform the
inputs for the XY plane experimentation in the next section.

The morphology of filament cross-sections for the current ME AM process was explored in detail in
Section 5. This experimentation specifically covered the steady-state behaviour of the standard
process, removing the variability associated with the acceleration and decelerations necessary for
direction changes. This demonstrated a relationship between surface roughness and both layer height
and aspect ratio (i.e. volumetric flow rate). Notwithstanding the additional flow rate variability around
corners, it is expected that the addition of a nozzle side piece has the potential to produce lower
sensitivity to these factors and an improved overall surface roughness and geometrical accuracy as

any extrusion related errors primarily manifest on the internal perimeter surface.

8.1. METHODOLOGY

This subsection presents both the experimental procedure and design of the modified nozzles used

first in the preliminary study and later in the parameter optimisation experimentation.

8.1.1. EXPERIMENTAL DESIGN
Throughout the experimentation in this section, low-cost ANet A8 desktop ME AM machines are
used as were utilised in the entirety of the unmodified process experimentation (current performance,
positional performance, steady state morphology and XY plane geometrical performance). This
enables continuity of results and also allows for direct comparison of the results in this section with
those of the unmodified process in Section 5. Both nozzle designs 3 and 4 and the parameter
optimisation study contain repeated experimental runs using a separate but identical machine with a

newly-fabricated nozzle.

As was discussed in Section 5, experimentation of the external perimeters in isolation requires the use
of custom G-code. The G-code generator used in the standard nozzle steady state study was re-used.

This approach was demonstrated in Figure 12.4 in the Appendix, with the only modification made to
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layer height. Whereas with a standard nozzle, the initial layer height requires a gap between the
nozzle and the bed, the first layer with a side piece present has no gap between the lowest part of the
nozzle and the bed. Each layer was therefore printed at a layer height of LH*(n-1) where n is the layer

number currently being deposited.

Prints were conducted with the modified nozzle fixed in position. The side piece was located on the
right hand side of the machine as viewed from the front, with Y motion again occurring from the rear
to the front of the build plate for strand deposition. Machine calibration in terms of build plate and
gantry axis alignments were again conducted using the standard manufacturer’s recommended

approaches.

Sample production and preparation for measurement were conducted in line with the previous steady
state experimentation. As before, this involved printing on a removable acrylic slide as part of a
modified build plate, setting this in resin, cutting and polishing, then measurement using a Zeiss
Olympus BX51 TRF-6 Optical Microscope with 5x magnification. Analysis of the strand morphology
was conducted using a mix of ImageJ and Microsoft Excel. In all presented examples, the modified
surface is on the left-hand side of strand cross-sections and the print direction was into the page.

Following the initial measurement of earlier nozzle designs, it became clear that nozzle side piece
alignment was an important factor in determining the outer surface morphology. Experimental runs
were therefore conducted to specifically address this, utilising nozzle sidepieces at 5 angles between
significantly trailing and significantly leading (i.e. whether the trailing or leading edge were inboard
of the direction of motion). This was conducted for single and double perimeters, and for 0.2mm and
0.4mm step height designs. A new alignment methodology was introduced to measure this. First, a
marker pen was mounted the gantry and the Y axis moved to draw a line on the print bed. A piece of
adhesive putty was placed next to the line, and the nozzle moved above that position on the build
plate. The Z axis position was reduced until a semi-circular imprint was left in the putty. A 45x
magnifier was used to manually judge alignment, and adjustments made as necessary. This approach
was then applied to the experimental runs presented in this section, as demonstrated in Figure 12.6 in

the Appendix.

8.1.2. MoDIFIED NOzzLE DESIGN
There are various aspects of the modified nozzle which can be changed and which may affect the
morphology of deposited strands. In this section, four separate designs are presented and their
potential merits discussed. These are modified from standard brass 0.4mm diameter nozzles on a CNC
milling machine. Since most popular slicers and the previous XY plane experimentation utilised a
0.2mm layer height, three of the four nozzle designs contain a side piece step height of 0.2mm. The
fourth design uses 0.4mm to explore the possibility of improved surface finish with the combined

benefit of increased build speed.
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The four designs are as follows:

e Design 1 - Simple modification to the standard nozzle with a 0.2mm step height. This gives a
trapezoidal side piece of a maximum length.

o Design 2 - As per design 1 but with leading and trailing edges square.

o Design 3 - Full bespoke nozzle design consisting of 0.2mm step height and long side piece

e Design 4 - As per design 2 with a 0.4mm step height
Photographs of each of these nozzle designs are included in Figure 12.7 in the Appendix.

8.1.2.1. MobiFIED NOzzLE DESIGN 1
The geometry if this nozzle is shown in Figure 8.1. This was produced via a straightforward milling
operation of a 0.2mm depth on a standard 0.4mm diameter nozzle.

(@) (®) ©

Figure 8.1 Modified nozzle design 1

This design maximises the side piece length without a custom nozzle being fabricated. This reduces
the likelihood of the extruded material moving beyond the side piece under high extrusion rates.
However, interactions between the deposited material and the trailing edge of the side piece is likely
to be uneven due to the trapezoidal geometry. The experimental runs used in conjunction with this

nozzle are listed in Table 8.1.

Print Speed Temperature  Extrusion

Number(s) Purpose (mm/min) (C) Factor Other

12 P et 1800 200 :

3 Lower print speed 450 200 1

4 Higher print speed 3600 200 1

5 Increased EF 1800 200 12
6,7 Increased EF 1800 200 15

8 Increased EF 1800 200 2

9 Lower temperature 1800 170 1.2

10 Lower temperature 1800 170 15

11 Higher temperature 1800 230 1

12 Higher temperature 1800 230 12

13 Higher temperature 1800 230 15 -

14 Wipe 1800 200 15 Wipe, no offset
15 Spbicr:;'\fi('aer 1800 230 115 16th layer EF 1.5, all other layers EF 1

Table 8.1 Modified Nozzle Design 1 Experimental Plan
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Two baseline runs are conducted with standard printing conditions. An extrusion factor of 1 is related
to the volumetric flow of a 0.2mm and a width of 0.4mm (i.e. a nominal cross-sectional area of
0.08mm?). An EF of 1.5 represents a 50% increase in this nominal area. Next, the effect of speed
changes are explored and then changes in volumetric flow rate via the change in EF. Lower and
elevated temperatures are then explored in combination with changing flow rates to understand the
material-side piece integration. A zero offset wipe (i.e. the deposition path is repeated without
deposition for every layer) is introduced to determine any potential improvement. Finally, a single
high extrusion rate layer is isolated for characterisation.

8.1.2.2. MODIFIED NOZZLE DESIGN 2
This nozzle design takes the previous geometry and adds square leading and trailing edges. The main
potential benefit of this approach is hypothesised to be that interactions with the trailing edge would
not be affected by asymmetrical geometry as in the first design. However, the shortened length (to
approximately 0.98mm) may mean a greater propensity for over-extrusion beyond the side piece. In
addition to a side piece aligned with the nozzle orifice edge, a side piece with an offset of 0.1mm
inboard was also produced. It was expected that this would enable a greater degree of interaction with
the side piece and therefore potentially a more well-defined square outer geometry. These designs are
shown in Figure 8.2.

@) (@) ®

Figure 8.2 Modified nozzle design 2 with no shoulder offset ((a)-(c)) and 0.1mm offset ((d)-(f))

The experimental runs used in conjunction with this nozzle are listed in Table 8.2.
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Print Speed Temperature  Extrusion

Number(s) Purpose (mm/min) C) Eactor Other
1,234 Default parameters - 1800 200 1 First two nozzle 1, second 2 nozzle 2
baseline test

5 Increased EF 1800 200 11 -

6 Increased EF 1800 200 1.2 -

7 Higher print speed 3600 200 0.9 -

8 Higher print speed 3600 200 1 -

9 Higher print speed 3600 200 1.2 -

10 Higher print speed 3600 200 15 -

11 Lower print speed 900 200 0.85 -

12 Lower print speed 900 200 15 -

13 Lower temperature, 1800 170 0.85 -

low EF
14 Lower temperature, 1800 170 0.9 -
low EF
15 Higher temperature, 7200 230 1 -
higher print speed
16 Higher temperature, 7200 230 15 -
higher print speed

17 Reduced layer height 1800 200 1 Layer Height 0.1mm, Road Width
0.4mm

18 Reduced layer height 3600 200 15 Layer Height 0.15mm, Road Width
0.3mm

19 Reduced layer height 3600 200 1.2 Layer Height 0.18mm, Road Width
0.36mm

20 Increased layer height 3600 200 1 Layer Height 0.3mm, Road Width
0.6mm

21 Wipe 3600 200 1 Wipe, no offset

22 First layer only 1800 200 5 Only initial layer printed

23 Offset side piece 1800 200 1 Change to modified nozzle design,

side piece 0.1mm offset inboard of
nozzle diameter

24 Offset side piece 1800 200 1.2 Change to modified nozzle design,
side piece 0.1mm offset inboard of
nozzle diameter

25 2 Perimeters 1800/3600 200 1.3 Inner perimeter F3600, Outer
Perimeter F1800
26 2 Perimeters 1800/3600 200 1.6 Inner perimeter F3600, Outer

Perimeter F1800
Table 8.2 Modified Nozzle Design 2 Experimental Plan

In addition to the experimental runs outlines for nozzle design 1, a greater range of print speeds are
explored. As was mentioned previously, a 0.1mm offset side piece nozzle is also used for two separate
extrusion rates. Alternative layer heights are also tested to understand the interaction with previous
layers where the side piece extends beyond the bottom of the current layer. The first layer is also
isolated in an experimental run which uses the acrylic slide as a fixed previous layer. Finally, double
perimeters are tested to understand the interaction of neighbouring depositions with the modified

nozzle.

8.1.2.3. MODIFIED NOZzZLE DESIGN 3
The third nozzle design involves a 0.2mm step height with a long side piece. This ensures that over-
extrusion beyond the side piece is very unlikely and so helps inform any outer surface deviations. This
design entails a bespoke nozzle to be fabricated, again manufactured from brass using a CNC

machining operation.
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(a) (b) (©
Figure 8.3 Modified nozzle design 3

Whilst the longer side piece ensures that in-layer over-extrusion is unlikely, this geometry does mean

that isolated fine features may not be possible without clashing with previous depositions. In addition,
it is likely that this design may apply more heat to previous layers which could both improve bonding
and reduce dimensional performance. The experimental runs used in conjunction with this nozzle are

listed in Table 8.3.

Print Speed Temperature  Extrusion

Number(s) Purpose (mm/min) C) Factor Other
1 Default parameters - 1800 200 1 -
baseline test

2 Increased EF 1800 200 11 -

3 Increased EF 1800 200 1.2 -

4 Increased EF 1800 200 1.3 -

5 Increased EF 1800 200 1.4 -

6 Increased EF 1800 200 15 -

7 Increased EF 1800 200 1.75 -

8 Increased EF 1800 200 2 -

9 Lower terr_\perature, 900 170 12 -

slower print speed

10 Higher temperature 1800 230 12 -

11 Multiple EFs 1800 200 17213 Layers alternately EF 1,2,3
12 First layer only 1800 200 2 Only initial layer printed
13 2 Perimeters 1800 200 1 -

14 2 Perimeters 1800 200 1.2 -

Table 8.3 Modified Nozzle Design 3 Experimental Plan

In addition to the experimental runs undertaken for the previous nozzle designs, a run where the EF is
alternated between 1, 2 and 3 on alternating layers is included. This helps identify where the
additional material is deposited in higher extrusion rate cases.

8.1.2.4. MobiFiep NozzLE DESIGN 4

The final nozzle design repeats design 4 with a 0.4mm layer height.
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Figure 8.4 Modified nozzle design 4 with no shoulder offset ((a)-(c)) and 0.1mm offset ((d)-(f))

This design requires increased volumetric flow rates. In this case, the standard EF value of 1
represents a layer height of 0.4mm and a road width of 0.4mm, giving a cross-sectional area of
0.16mm?2. Whilst this layer height is larger than is typically used in the ME AM process, modified
machine-based processes have often used layer heights in excess of the standard. For example, in a
hybrid CNC process a layer height of 1mm was used [298]. The increased step height will reduce the
heating of the previous layers and allows for a greater range of volumetric flow rates, though
proximity to process rate limits may lead to less stable extrusion. The experimental runs used in
conjunction with this nozzle are listed in Table 8.4.
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Print Speed

Temperature

Number(s) Purpose (mm/min) C) Extrusion Factor Other
1 Default parameters - 1800 200 1 )
baseline test
2 Increased EF 1800 200 11 -
3 Increased EF 1800 200 12 -
4 Increased EF 1800 200 13 -
5 Increased EF 1800 200 14 -
6 Increased EF 1800 200 15 -
7 Increased EF 1800 200 1.75 -
8 Increased EF 1800 200 2 -
Lower Temperature,
9 increased EF 1800 170 15 .
Higher

10 Temperature, 1800 230 15 -

increased EF

Reduced layer Layer Height 0.3mm, Road Width
11 height 1800 200 15 0.6mm

. Layers alternately EF
12 Multiple EFs 1800 200 1.1/1.2/1.3/1.4/1.5 1112131415
13 Multiple EFs 1800 200 1/2/3 Layers alternately EF 1,2,3
14 Wipe 1800 200 15 Wipe, no offset
15 Wipe 1800 200 15 Wipe, offset of 0.05mm
16 Multiple Filament 1800 200 175 Change of fllam_ent colour
Colours between certain layers
Change to modified nozzle design,
17 Offset side piece 1800 200 1 side piece 0.1mm offset inboard of
nozzle diameter

18 2 Perimeters 1800 200 1 Inner perimeter F3600, Outer

Table 8.4 Modified Nozzle Design 4 Experimental Plan

Perimeter F1800

As previously, baseline tests, changing EFs, temperature changes, wipes, offset designs and double

perimeters are all investigated. In addition to these, alternative colours are investigated since previous

studies [28,553] have suggested PLA colour can affect performance. Additional colours have also

been used in alternate layers in a process the same as that demonstrated in Section 5 with the

multicolour filament experimentation. This enables the visualisation of inter-layer and material-nozzle

side piece interactions.

8.1.2.5.

PARAMETER OPTIMISATION

The use of parameter optimisation studies was discussed in Section 7.1.2.1. These were found to be

limited in their general applicability because machines, materials and components vary between

studies. Regardless, with the presence of a specific modified design such an approach has greater

relevance in this case to understand the general behaviour. In addition, the parameter optimisation will

enable the determination of factors which influence the output performance characteristics and what

combination gives the best performance. As with the standard nozzle design, cross-sectional area,

bond width, horizontal deviations and the surface roughness metrics of Rz, Ra and Rq are presented in

the results. Calculations for these were outlined in Section 5.2 and are not repeated here.

As was noted previously in the discussion of parameter optimisation studies, it is common practice to

calculate signal-to-noise (S/N) ratios to investigate the optimal print parameters. The relevant formula
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for this depends on whether values are required to be minimised (such as errors) or maximised (such
as bonding widths). The formulae for these two cases are demonstrated below in Equation 12 and

Equation 13.

2
S/N = —101log;, <Z(Y ))

Equation 12 Smaller-the-better SN ratio calculation

()

S/N = _1010g10

Equation 13 Larger-the-better SN ratio calculation

where; Y = responses for a given factor level and n = number of responses.

In addition, ANOVA analysis has been undertaken in order to understand which of the selected print
parameters have a significant effect on the output. Calculations required for ANOVA are shown in
Equations 14 to 17.

N
St = Z(ni — )2
i=1

Equation 14 Total sum of squares calculation

where; Sy = total sum of square, N = total number of observations and 7 = overall mean of the S/N

ratio

l
55 = Z("ﬁ )’
i=1

Equation 15 Sum of squares calculation

where; SSj= sum of square deviation of jth factor and | = level of jth factor

Equation 16 Variance calculation

where; Vj = variance of jth factor and fj= degrees of freedom of jth factor

Ne>
I
o~ S

Equation 17 F-ratio calculation
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where; F;= F-ratio of the jth factor and V.= variance of error

From the F-ratio and the degrees of freedom, a p-value is then calculated. This is the probability of
rejecting the null hypothesis (i.e. that an offset occurs purely as a result of randomness rather than as a
result of the control factors). This is considered valid if it is below 5% as is standard practice.

Three factors each of three levels (see Figure 8.5) were selected for the parameter optimisation study

based on the findings from the preliminary studies.

Factor Units Levels
Temperature, T °C 170 200 230
Print Speed, v mm/min 900 1800 3600

Extrusion Factor, e - 11215

Figure 8.5 Parameter optimisation factors and levels selected for experimentation

Given the relatively low number of factors and levels, a full factorial experimental design was
selected, which with repeats gives 54 separate experimental runs. In Figure 8.11, the 27 unique
parameter settings are displayed with a -1 and -2 identifier for experimental runs one and two.

8.2.RESULTS

These results are divided into two main sections. The first is preliminary studies, where detailed
images for each of the modified nozzle designs were obtained and the behaviour of the deposited
filament were investigated as a function of changing parameters and nozzle design. These studies
were then used to select the relevant modified nozzle design to progress to more formalised studies,
both for steady-state parameter optimisation (in this section) and then subsequent experimentation of
the XY plane performance (in the next section). This was found to be design 4 (i.e. a step height of

0.4mm), for which dimensional results, main effect plots and ANOVA analysis are then presented.

8.2.1. PRELIMINARY STUDIES
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8.2.1.1. SENSITIVITY TO NOZZLE ALIGNMENT

Significantly
Trailing

0.4mm
layer
height
a

Figure 8.6 Alignment tests for 0.2mm (design 2) and 0.4mm (design 4) modified nozzles using a temperature of
200°C, EF of 1.5 and outer perimeter print speed of 1800mmmin-!

Significantly

Trailing Parallel Leading Leading

0.2mm
layer
height

1mm

8.2.1.2. MOoDIFIED NOZZLE DESIGN 1

Figure 8.7 Cross-sectional images Modified Nozzle Design 1



8.2.1.3. MopDIFIED NOZZLE DESIGN 2

Figure 8.8 Cross-sectional images Modified Nozzle Design 2




8.2.14. MopIFiED NOzzZLE DESIGN 3

Figure 8.9 Cross-sectional images Modified Nozzle Design 3
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8.2.1.5. MoDIFIED NOZZLE DESIGN 4

Figure 8.10 Cross-sectional images Modified Nozzle Design 4
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MoDIFIED NOozzLE PARAMETER OPTIMISATION STUDY

2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2
8-1 10-1 10-2

14-1 14-2 16-1 16-2
20-1 0-2

26-1

15-1
2 21-1 22-1 22-2
27-1

Figure 8.11 Cross-sectional morphology for design 4 parameter optimisation study

26-2
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82.21. EXTRUSION AND BONDING
Run T (°C) v (mm/min) e Cross-sectional area (%) Bond width (mm)
1 170 900 1 97.5 92.6 0.178 0.164
2 170 900 12 98.9 97.6 0.342 0.283
3 170 900 15 96.6 90.1 0.462 0.390
4 170 1800 1 84.5 102.9 0.095 0.217
5 170 1800 12 86.4 94.5 0.222 0.285
6 170 1800 15 81.8 92.2 0.344 0.420
7 170 3600 1 87.6 94.4 0.115 0.151
8 170 3600 12 85.9 92.7 0.241 0.281
9 170 3600 15 95.4 77.5 0.253 0.336
10 200 900 1 124.6 93.9 0.320 0.182
11 200 900 12 123.1 95.7 0.418 0.275
12 200 900 15 114.3 97.1 0.535 0.430
13 200 1800 1 93.4 91.0 0.165 0.177
14 200 1800 12 104.8 95.8 0.333 0.290
15 200 1800 15 92.6 95.6 0.437 0.451
16 200 3600 1 101.0 1024 0.216 0.236
17 200 3600 12 97.0 97.7 0.333 0.359
18 200 3600 15 95.8 96.2 0.487 0.506
19 230 900 1 107.9 96.9 0.271 0.212
20 230 900 12 111.0 95.9 0.378 0.288
21 230 900 15 102.1 99.3 0.470 0.460
22 230 1800 1 106.0 98.5 0.239 0.224
23 230 1800 12 95.7 94.0 0.311 0.317
24 230 1800 15 97.5 101.9 0.465 0.452
25 230 3600 1 101.3 105.0 0.244 0.270
26 230 3600 12 97.8 99.3 0.330 0.357
27 230 3600 15 95.8 935 0.499 0.479

Table 8.5 Modified nozzle parameter optimisation measured cross-sectional area as a proportion of expected
area and bond width results

Source DoF sqj:r?s(zgS) squg/lrza(rll/IS) F p Effect Contribution

T 2 0.09142 0.04571 6.97 0.004 Significant 24.4%

v 2 0.05583 0.02792 4.26 0.025 Significant 14.9%

e 2 0.01304 0.00652 0.99 0.383 Insignificant 3.5%
T*v 4 0.01567 0.00392 0.60 0.667 Insignificant 4.2%
T*e 4 0.00425 0.00106 0.16 0.956 Insignificant 1.1%
v*e 4 0.00499 0.00125 0.19 0.941 Insignificant 1.3%

T*v*e 8 0.01303 0.00163 0.25 0.977 Insignificant 3.5%
Error 27 0.17700 0.00656 47.2%
Total 53 0.37525

Table 8.6 Modified nozzle parameter optimisation measured cross-sectional area as a proportion of expected

area ANOVA analysis
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Source DoF squs:rr:scszS) squ';/:'ia(rl‘vlS) F p Effect Contribution

T 2 0.07594 0.03797 18.36 0.000 Significant 11.4%

v 2 0.01064 0.00532 2.57 0.095 Insignificant 1.6%

e 2 0.49169 0.24585 118.87 0.000 Significant 73.7%
T*v 4 0.01781 0.00445 2.15 0.102 Insignificant 2.7%
T*e 4 0.00674 0.00169 0.81 0.527 Insignificant 1.0%
v*e 4 0.00114 0.00029 0.14 0.967 Insignificant 0.2%

T*v*e 8 0.00763 0.00095 0.46 0.873 Insignificant 1.1%
Error 27 0.05584 0.00207 8.4%
Total 53 0.66743

Table 8.7 Modified nozzle parameter optimisation bond width ANOVA analysis
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Figure 8.12 Main effect plots for temperature and print speed with respect to measured cross-sectional area as
a proportion of expected area
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Figure 8.13 Main effect plots for temperature and extrusion factor with respect to bond width
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82.2.1.  SURFACE QUALITY
Run (013) (mm\llmin) dev.ii.'éﬂ'}fﬁ'm) Rz (mm) Ra (mm) Rq (mm)
1170 900 1 0007 0008 0153 0171 0031 _ 0035 0037 0042
2 170 900 12 0005 0009 0106 0135 0023 0029 0027  0.034
3 170 900 15 0010 0010 0084 0108 0017 0023 0020 0027
4 170 1800 1 0011 0005 0185 0130 0034 0030 0042 0035
5 170 1800 12 0008 0006 0437 0128 0025 0027 0031 0032
6 170 1800 15 0013 0009 008 0108 0017 0021 0021 0025
7 170 3600 1 0007 0004 0196 0159 0035 0034 0043 0040
8 170 3600 12 0010 0010 0120 0114 0025 0024 0030 0028
9 170 3600 15 002 0030 0198 0126 0035 0023 0045 0029
10 200 900 1 0016 0009 0151 0153 0033 0032 0039 0038
11 20 900 12 0024 0015 0143 0161 0029 0031 0035 0037
12 20 900 15 0043 0010 0139 0112 0024 002 0031 0028
13 200 1800 1 0009 0009 0155 0153 0031 0032 0037 0038
14 200 1800 12 0010 0008 0104 0137 0022 0028 0026 0033
15 200 1800 15 002 0010 0102 0090 0019 0019 0023 0022
16 200 3600 1 0009 0016 0145 0149 002 003l 0034 0037
17 200 3600 12 0007 0006 0088 009 0018 0020 0022 0023
18 200 3600 15 0021 0006 0079 0069 004 004 0017 0016
19 230 900 1 0048 0007 0189 0145 0034 0030 0042 0035
20 230 900 12 0018 0008 0139 0139 002 0030 0031  0.036
21 230 900 15 0017 0016 0102 0141 0020 0027 0024 0032
22 230 1800 1 0007 0012 0149 0149 0031 0030 0037 0036
23 230 1800 12 0013 0004 0122 0126 0026 0026 003 0031
24 230 1800 15 0014 0015 0088 0122 0019 002 0022 0028
25 230 3600 1 0010 0009 0137 0130 0027 0028 0032 0033
26 230 3600 12 0007 0006 0079 0104 0017 002 0020 0025
27 230 3600 15 0009 0010 0071 0079 0013 0016 0016 0019

Table 8.8 Modified nozzle parameter optimisation surface quality metric results

Sum of squares

Mean square

Source DoF (s9) (MS) F p Effect Contribution

T 2 0.00013 0.00006 0.93 0.409 Insignificant 3.1%

\ 2 0.00027 0.00013 1.94 0.163 Insignificant 6.6%

e 2 0.00043 0.00022 314 0.060 Insignificant 10.6%
T*v 4 0.00053 0.00013 1.90 0.139 Insignificant 12.9%
T*e 4 0.00024 0.00006 0.88 0.488 Insignificant 6.0%
v*e 4 0.00007 0.00002 0.26 0.901 Insignificant 1.8%

T*v*e 8 0.00054 0.00007 0.98 0.472 Insignificant 13.3%
Error 27 0.00186 0.00007 45.7%
Total 53 0.00408

Table 8.9 Modified nozzle parameter optimisation horizontal deviation ANOVA analysis
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Sum of squares Mean square

Source DoF (SS) (MS) F p Effect Contribution

T 2 0.00185 0.00092 2.50 0.101 Insignificant 3.4%

v 2 0.00318 0.00159 431 0.024 Significant 5.8%

e 2 0.02346 0.01173 31.78 0.000 Significant 43.1%
T*v 4 0.00943 0.00236 6.39 0.001 Significant 17.3%
T*e 4 0.00055 0.00014 0.37 0.825 Insignificant 1.0%
v*e 4 0.00215 0.00054 1.46 0.243 Insignificant 3.9%

T*v*e 8 0.00391 0.00049 1.32 0.274 Insignificant 7.2%
Error 27 0.00997 0.00037 18.3%
Total 53 0.05450

Table 8.10 Modified nozzle parameter optimisation Rz ANOVA analysis

Sum of squares Mean square

Source DoF ) (MS) F p Effect Contribution

T 2 0.00007 0.00003 3.97 0.031 Significant 3.3%

v 2 0.00015 0.00007 8.94 0.001 Significant 7.5%

e 2 0.00111 0.00055 66.95 0.000 Significant 56.1%
T*v 4 0.00027 0.00007 8.02 0.000 Significant 13.4%
T*e 4 0.00002 0.00001 0.68 0.615 Insignificant 1.1%
v*e 4 0.00005 0.00001 1.64 0.192 Insignificant 2.8%

T*v*e 8 0.00009 0.00001 1.32 0.275 Insignificant 4.4%
Error 27 0.00022 0.00001 11.3%
Total 53 0.00198

Table 8.11 Modified nozzle parameter optimisation Ra ANOVA analysis

Sum of squares Mean square

Source DoF (sS) (MS) F p Effect Contribution

T 2 0.00011 0.00005 3.93 0.032 Significant 3.7%

v 2 0.00021 0.00011 7.74 0.002 Significant 7.2%

e 2 0.00152 0.00076 56.03 0.000 Significant 52.2%
T*v 4 0.00043 0.00011 7.96 0.000 Significant 14.8%
T*e 4 0.00003 0.00001 0.57 0.689 Insignificant 1.1%
v*e 4 0.00009 0.00002 1.63 0.196 Insignificant 3.0%

T*v*e 8 0.00016 0.00002 143 0.228 Insignificant 5.3%
Error 27 0.00037 0.00001 12.6%
Total 53 0.00292

Table 8.12 Modified nozzle parameter optimisation Rq ANOVA analysis
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Figure 8.16 Main effect plots for print speed and extrusion factor with respect to Rq

8.3.DISCUSSION

8.3.1. PRELIMINARY STUDIES

8.3.1.1. SENSITIVITY TO NOZZLE ALIGNMENT
During initial testing with the 0.2mm nozzle designs, cross-sectional profiles were observed using a
45x magnifying glass on a manually cut profile (as per the example in Figure 5.4 with no resin
processing). This revealed that in many cases, significant over-extrusion was occurring beyond the
boundary of the nozzle side piece. It was similarly observed that this over-extrusion was offset
towards the bottom of the layer, suggesting that molten material was escaping between the bottom of
the nozzle side piece and the top of the previous layer. In these initial experimental runs, the
alignment of the modified nozzle was conducted by eye, with a slight tendency to place the side piece
trailing edge inboard of the outer perimeter vector. This would ensure strong interaction with the
deposited material, whereas extrusion rate variabilities would theoretically yield outer perimeter
irregularities if the nozzle were instead leading. Figure 8.17 demonstrates the theoretical effect of
parallel, leading and trailing nozzle alignments.
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Section view (from below)
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Figure 8.17 Effect of modified nozzle rotational alignment

In the trailing example on the far right, it can clearly be seen that a gap is produced relative to the
layer below through which molten material can flow. This is obvious from the trailing examples for
both nozzle heights in Figure 8.6 and becomes more apparent when the nozzle angle is more strongly
trailing. For the leading alignment, curved outer geometry remains as the deposited material does not
fully interact with the trailing edge. The single perimeter examples appear to give improved outer
geometry as the addition of an inner perimeter forces material in the outer perimeter outwards beyond
the nozzle side piece. Whilst this could be controlled by volumetric flow rates or a reversal in
perimeter order, doing so would reintroduce much of the process sensitivity to input parameters that
the novel nozzle design seeks to remove. It is also observed that the 0.4mm step height nozzle
produced a much more pronounced straight vertical outer surface. As a result of these tests, the single
perimeter parallel alignment is selected for the subsequent nozzle design and parameter optimisation

tests (except for a few limited double perimeter tests).

83.1.2. MoDiFIED NozzLE DESIGN 1
The first two cross-sections with default parameters with an EF of 1, temperature of 200°C and print
speed of 1800mmmin-t shows some change to outer perimeter morphology (Figure 8.7). However, the
volumetric flow rate is highly variable between layers and between the two experimental runs, which
has a significant effect on the morphology. The outer edge still shows strong evidence of a layer-
based morphology as the material is not fully interacting with the nozzle side piece, so this is a minor

improvement over a standard nozzle.

Increasing and decreasing the print speed to 450 and 3600mmmin! respectively is observed to have
some effect on the outer perimeter geometry. At the slower print speed, the volumetric flow rate is

slightly increased and therefore also interaction with the side piece. However, the outer edge layer
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morphology appears skewed, with the lower half of the layer protruding beyond the upper half. This
could be due to the non-square trailing edge geometry as the over-extrusion appears limited to within

the deposition layer or other more complex interaction effects.

Increasing the EF from 1.2 to 2 shows increasing over-extrusion beyond the outer perimeter. For the
higher EF values, there is a clear offset between the over-extruded material and the current layer of
deposition. This suggests that the material flows between the bottom of the nozzle side piece and the
previous layer as demonstrated in Figure 8.18.

Figure 8.18 Over-extrusion below the nozzle side piece

The presence of interaction with the side piece is clearly visible, especially for the EF of 1.5. As such,
the majority of the molten material does indeed flow inwards (and away from the side piece) but a

significant amount does still flow beyond the side piece.

A number of studies have demonstrated the reheating of previous layers. If enough heat is transferred
to the layer below, the sharp upper 90° corner may re-melt and allow material from the current layer
to flow past. This may be especially likely given the increased proximity of the previous layer to the
heated nozzle side piece. Vanaei et al. [325] showed that the temperature of previously-deposited
layers is increased for the subsequent five depositions in a single-walled setup very similar to the
experimentation undertaken within this section. However, the peak temperature is vastly reduced with
each newly deposited layer, and the crystallisation temperature is not exceeded on any previous
layers. This is based on a standard nozzle, so it is likely that in the case of the modified nozzle some
local deformation close to the nozzle side piece can occur, which would directly affect the ability to
limit over extrusion in subsequent layers. Seppala et al. [326] undertook IR thermography of the
deposition process. This also showed some reheating of the two prior layers, for a period of
approximately four seconds with a print speed of 100mms™. Wolszczak et al. [327] and Wijnen at al.
[61] also demonstrated that significant reheating of the layers below occurs whilst Ravoori et al. [705]

showed that these layers cool significantly not long after deposition. The shape and stability of the
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previous layer is key to achieving strong surface quality and as such, minimising the heat transfer to

this corner can be important.

Lowering the temperature from 200°C to 170°C in experimental runs 9 and 10 yields improved outer
perimeter geometry. The increased material viscosity and decreased solidification time in combination
with lower heat transfer to the previous layer and hence increased stability may explain this as well as
the lower apparent volumetric flow rate. However, a temperature of 170°C combined with an EF of 1
led to complete print failure. Increasing the temperature in the experimental runs 11 to 13 gave less
distinctive layer-based morphology, in particular with less sharp inter-layer under-extrusion features.
However, a greater over-extrusion is observed at an EF of 1.5 compared to the 200°C example. The
molten material viscosity falls with increasing temperature as was discussed in Section 5.1.1. This
reduced viscosity therefore enables greater flow beyond the nozzle side piece as well as transferring

more heat to the previous layer.

The addition of a second toolpath pass without extrusion (i.e. a wipe) in experimental run 14 reveals
an exaggerated over-extrusion morphology on the outer perimeter. This suggests a small amount of
local re-melting during the wipe and leads to highly asymmetric outer surface layer morphology.
Finally, an isolated increase in EF of 1.5 for the middle layer in experimental run 15 shows that the
EF strongly affects the outer perimeter over-extrusion feature as was experienced in the earlier

experimental runs.

The main conclusion from this nozzle design is that there remains a significant amount of sensitivity
to print parameters. At low extrusion rates, straight and vertical outer surfaces are not realised due to
insufficient interaction with the nozzle side piece. However, at increased extrusion rates some of the
additional material extends beyond the nozzle either underneath at very high extrusion rates, or within
the layer for more intermediate values. It is likely that a good vertical surface could be achieved but it

would require an exact set of parameters.

8.3.1.3. MODIFIED NOZZLE DESIGN 2
Modified nozzle design 2 is as per design 1 but with vertical leading and trailing edges on the nozzle
side piece. In general, this has yielded little improvement in the outer perimeter morphology

suggesting limited interaction with the trailing edge of the nozzle side piece (Figure 8.8).

Experimental runs 1 to 4 show multiple repeats of the default parameters and demonstrate reasonable
repeatability although limited interaction with the nozzle side piece and so the rounded outer edge

morphology remains. Run 5 with a slightly increased EF of 1.1 retains this behaviour.

Increased print speed to 3600mmmin-! with various EF values in runs 7 to 10 were investigated in
order to reduce the heat placed into the layer below and thus potentially reduce the over-extrusion on

the outer perimeter, though the increased rate may have negative effects on the flow rate stability.



171

This shows over-extrusion for all EF settings and improved surface finish for the higher EF, though a
layer offset is introduced whereby the layer based geometry is lower down on the external surface
again suggesting over-extrusion below the nozzle side piece. The lower print speeds in runs 11 and 12
with an EF of 0.85 and 1.5 respectively both show poor surface finish. For the low extrusion rate,
there is little interaction with the side piece meaning that the morphology remains similar to the
standard nozzle. With the higher EF of 1.5, significant over-extrusion is then observed despite the
reduced temperature.

The lowered temperature to 170°C in runs 13 and 14 shows similar morphology to the same
parameters with design 1. This suggests that the asymmetrical layer geometry is not a direct result of
the trapezoidal side piece in design 1, but is due to other effects perhaps including increased heat in
the deposited layer and gravity. Higher temperatures with higher print speeds were expected to put
less heat into the previous layer as a result of the increased speed, whilst the increased temperature
aids steadier material flow. However, these also exhibited significant over-extrusion suggesting that
the side piece is not able to form a seal against the top corner of the previous layer even with the

increased print speed.

Experimental runs 17 to 20 investigated the effect of changing layer heights. For layer heights lower
than the nozzle step height, it was expected that this would help reduce the over-extrusion of material
beyond the side piece. This is because contact between the bottom of the nozzle side piece and the
previous layer would be more certain, effectively closing the potential route for material over-
extrusion. Conversely, for layer heights greater than the nozzle side piece step height, very significant
over-extrusion would be observed as the gap between the side piece and previous layer becomes much
larger. For reduced layer heights, the layer morphology remains observable in the outer perimeter.
This suggests that the layer below is subject to local re-melting which leads to the over-extrusion
beyond the nozzle side piece. As expected, the increased layer height reveals significant over-

extrusion.

Run 22 involved a single layer deposition with a very high EF of 5. This was undertaken to utilise the
solid acrylic print base to understand where the material flows if the previous layer was not re-melted.
This showed that with the stable previous layer, the over-extrusion no longer occurs and the entire
additional volume is directed inwards by the nozzle side piece. This confirms that over-extrusion is
below the bottom of the nozzle side piece and not within the current deposition layer. As with the
previous nozzle design, the addition of a wipe movement gave more pronounced over-extrusion
geometry. The alternative nozzle design where the side piece is offset from the nozzle outer diameter
by 0.1mm was explored in runs 23 and 24. This modification gave even more significant over-

extrusion and so does not appear to be a useful design modification with the parameters selected.
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Finally, double perimeters were shown in runs 25 and 26. As previously demonstrated in the
alignment experimentation, the addition of an inner perimeter leads to worsened outer perimeter
quality, especially at higher extrusion rates. This is again shown to be the case, where the over-
extrusion is so prevalent that the outer perimeter appears as per the standard nozzle arc morphology,
offset by approximately half the layer height (i.e. the straight section from the side piece is completely
lost).

8.3.14. MODIFIED NOZZLE DESIGN 3
The third nozzle design consisted of a significantly longer side piece to remove the effects of trailing
edge interaction and enable improved alignment. In addition, repeats of each parameter combination
were conducted to assess the repeatability of the process. As with the previous two designs a default
parameters print, various increased EFs, changes in temperature and double perimeters were

investigated.

The default print conditions show slightly improved morphology (Figure 8.9). This is likely due to the
increased heat transfer from the larger nozzle design and increased heat transfer during deposition
from the longer side piece. As the EF factor is raised from 1 to 2 increased over-extrusion is observed,
where in all cases this is below of the bottom edge of the nozzle side piece. This shows that the in-
layer over-extrusion is not significant to the observed error, but rather the lack of seal with the
previous layer is the primary cause. Experimental run 11 shows EFs of 1, 2 and 3 between layers. This
clearly shows that the over-extrusion beyond the side piece is strongly linked to the volumetric flow

rate.

Both the lower and higher temperature in runs 9 and 10 with an EF of 1.2 do not show significant
improvements. The main difference between these is the lowered actual flow rate (and lower cross-
sectional area) with the lower temperature which yields a smaller volume of over-extrusion, though

this is not strictly related to the material temperature.

Experimental run 12 demonstrates only the first layer utilising the acrylic slide as a stable and fixed
substrate. As with the previous example, this removes the over-extrusion though there is a significant
difference in the flow rates between the two examples. Finally the presence of a second, inner
perimeter leads to increased over-extrusion in the outer perimeter as the material is blocked from

flowing inwards in the second double perimeter example.

8.3.1.5. MobiFieD NozzLE DESIGN 4
This nozzle design replicates design 2 but with an increased step height of 0.4mm. The main benefits
of this design are that there is less heat transferred to previous layers, the volumetric flow rate is
higher and build time is reduced. It may also be easier to observe and understand the material

behaviour given the slightly larger scale.
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The baseline test for this nozzle design is a nominal layer height of 0.4mm and road width of 0.4mm
according to the CURA rectangular model. There is therefore relatively little interaction with the side
piece as shown in the cross-sections from experimental run 1 as the aspect ratio is lower than for the
0.2mm examples (Figure 8.10). Subsequent increasing EFs show an increased interaction with the
side piece, though at these higher layer heights the prominence of the over-extruded region is

significantly reduced compared to previous designs.

A major proposed benefit of introducing a novel nozzle design with a side piece was to control over-
extrusion beyond the theoretical external perimeter. Experimental runs 12 and 13 show layers with
increasing EFs of between 1 and 1.5 and 1 and 3 respectively. This demonstrates that for higher
extrusion rates, an increasing volume of molten material protrudes below the lower surface of the side
piece. However, as Figure 8.19 shows, this effect is significantly reduced compared to a standard

nozzle arrangement with the same print parameters.

Figure 8.19 Comparison of standard nozzle (left) with modified nozzle design 4 (right) for EFs of 1, 2 and 3 on
alternating layers.

The lowered and increased temperatures have similar effects to the other nozzle designs, where the
reduced temperature gives a lower actual flow rate and therefore reduced interaction with the side
piece. As previously, the increased temperature gives slightly more pronounced over-extrusion owing
to higher flow rates and lower material viscosity. The reduced layer height experimental example
leads to over-extrusion, suggesting that the top corner of the previous layer is again not the sole cause

of over-extrusion.

Experimental run 7 was repeated with blue and yellow PLA material, both produced by the same
manufacturer as the orange filament used throughout the rest of the experimentation. These show
significantly reduced actual volumetric flow rates despite having identical nominal values and print

parameters. This suggests that filament colour can have a significant effect on the deposited strands,
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though both colours still exhibit the same local over-extrusion at the bottom of the side piece.
Previous studies which have assessed the effect of PLA colour were noted earlier in Section 8.1.2.4.
Run 16 used these blue and yellow filaments in alternating layers. This showed that the over-extrusion
does indeed originate from the layer above, and also that the bond between the two layers exhibits
significant curvature. Jang et al. [358] noted a flat top and wide strands for lower layer heights but a
more curved interface at higher layer heights. This is also likely to be less significant at higher
extrusion rates, though it can also be observed for the standard nozzle example in Figure 8.19 above.

The use of a wipe, a wipe with an offset, and a 0.1mm offset side piece nozzle again demonstrate no
significant improvement in performance. Double perimeters show reduced surface quality for the

same reason of inner perimeter interaction as was outlined previously.

8.3.1.1 SUMMARY

Extrusion factor

The EF (and therefore volumetric flow rate) is the most important factor in determining the
morphology of the outer perimeter. At lower EFs, the material does not significantly interact with the
nozzle side piece but where there is some contact, the surface finish is slightly improved. However, as
the EF is increased, whilst an increasing amount of molten material is indeed pushed inwards some
escapes below the side piece and appears as a region of over-extrusion at the top of the previous layer.
The 0.4mm nozzle is less sensitive to extrusion factor changes and so represents a more promising

design.
Temperature

Increased temperature reduces the viscosity of the molten material and reduces the stability of the
previous layer, leading to increased over-extrusion. Lower temperatures have the opposite effect,

though this is in part due to the lowered effective volumetric flow rates observed at 170°C.
Print speed

Increased print speeds give improved results where significant over-extrusion has already been
observed for a particular nominal volumetric flow rate. However, much of this benefit is likely to be
due to the lowered effective flow rate rather than reduced heat transfer to the previous layer, and at

higher flow rates the increased speed can lead to deposition instability.
Wipe

The addition of a wipe move does not improve surface finish, but rather has the opposite effect. This
approach was always applied to cases where some over-extrusion had already been observed and a

second non-extrusion pass made the morphology more pronounced.
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Other approaches

Double perimeters where the inner perimeter is deposited first and the extrusion rates were high
enough for significant inter-perimeter interaction gave worsened surface finish. This is because the
inner perimeter blocks the inward flow of the material in the outer perimeter, forcing it instead past
the nozzle side piece. Reduced layer heights do not give improved performance, suggesting it is not
the top corner of the previous layer alone that allows over-extrusion below and beyond the nozzle side
piece. Finally, the addition of a 0.1mm offset side piece as part of the nozzle design gives slightly
worse surface finish as it acts analogous to higher extrusion rates, with greater interaction between the

molten material and the side piece.
Nozzle design selection and parameter optimisation factors

The primary cause of over-extrusion error is shown to be due to the actual volumetric flow rate (i.e.
cross-sectional area as shown in the actual deposition). The preliminary experimentation has
demonstrated that nozzle design 4 with the increased step height of 0.4mm is clearly superior in
maintaining good surface finish with changing flow rate. This nozzle was therefore selected for the

identification of optimal parameters in the subsequent parameter optimisation study.

Double perimeters have been demonstrated to reduce surface quality and give greater sensitivity to
varying volumetric flow rates. The main factors which affect the process can be seen as temperature,
print speed and extrusion factor, and the values selected in the preliminary studies also appear valid.

As a result, the factors for a single perimeter deposition are used for the parameter optimisation study.

8.3.2. PARAMETER OPTIMISATION
As noted previously, EF, temperature and print speed are explored in the parameter optimisation
study. Extrusion factor theoretically controls only the nominal cross-section of the deposited strand.
Temperature effects are more complex. A higher temperature reduces the viscosity of the material and
so enables increased flow, whilst also generating additional heat in the previous layer. However, it can
be beneficial to improve flow stability if close to process rate limits. Print speed affects heat transfer

to the layer below, though higher speeds may also lead to rate limit issues.

From the previous experimentation, a low, middle and high level for each of the three factors can be
determined. This previous experimentation is important to inform this selection, as the parameter
optimisation study relies on the valid selection of level values in order to find an optimal solution.
Temperature was already bounded by recommended print temperatures for the PLA material used.
The manufacturer suggests a range of 180°C to 210°C, but this is narrower than many other sources
would suggest. A low value which nonetheless is above the melting temperature was selected as the
lower bound (170 °C), whilst a recommended value of 200 °C was used as the mid value and a high

value of 230°C in line with slicers and existing literature. Print speed has been selected based on the
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previous experimentation and guidelines given in the slicer. Therefore a mid-level speed of F1800
(i.e. 1800 mmmin or 30mms™) was used. The lower speed was taken as half this, and the upper as
double. Slicers rarely utilise extrusion movement speeds outside of this range. Extrusion factor has
been heavily influenced by the previous experimentation. Given the selection of a layer height of
0.4mm, a minimum road width of 0.4mm has been selected as going below an aspect ratio of 1 is
known to lead to print errors (and indeed, some slicers will not allow an aspect ratio of below 1 to be
used). The mid value is selected based on the previous experimentation, where increased interaction
with the modified nozzle side piece is demonstrated and then an upper level where significant over
extrusion beyond the outer boundary was observed.

8.3.2.1. EXTRUSION AND BONDING
The volumetric flow rates in the parameter optimisation study were controlled via changing EFs. An
EF of 1 corresponded to a layer height of 0.4mm and road width of 0.4mm with the standard
rectangular filament model. The expected cross-sectional area for an EF of 1 is therefore 0.160mm?
and 0.192mm?and 0.240mm? for EFs of 1.2 and 1.5 respectively.

Table 8.5 displays actual cross-sectional area as a proportion of the expected values outlined above.
These values are expected not to exceed 100%, as to do so suggests greater extrusion of material than
the G-code dictates. It can be seen that in many cases, this value is between 80% and 100% of the
expected as was also found for the standard nozzle experimentation in Section 5. In general, the first
experimental example of each parameter combination undertaken on machine 1 shows higher
extrusion values, suggesting a systematic greater extrusion rate associated with that machine perhaps
arising from the filament feed system itself. There are some examples where the cross-sectional area
significantly exceeds the nominal value. In particular, these high values were observed for the lowest
print speeds and temperatures of 200°C and 230°C and only on machine 1. The total volume deposited
is determined by the G-code. As a result, the increased rates observed in these runs should be matched
by under-extrusion elsewhere within the deposited road. It is therefore possible that at higher
temperatures and lower speeds, the material flows through the nozzle at a higher rate in the first half

of deposition with lower extrusion towards the end of the road.

The ANOVA analysis shows that the only two factors which have a significant impact on the cross-
sectional area as a proportion of the nominal value are temperature and print speed. Figure 8.12
demonstrates that a temperature of 230°C and print speed of 3600mmmin are both optimal parameter
settings. The higher temperature has previously been noted to reduce material viscosity and increase
the rate limit of the process, thereby improving cross-sectional area conformity. The increased print
speed involved a faster rate of filament feed for the same nominal cross-sectional area, which

increases the pressure across the nozzle and therefore improves the cross-sectional area percentage.
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Figure 8.20 shows the relationship between temperature and cross-sectional area as a proportion of the
nominal value. This shows that machine 1 is more sensitive to temperature, which is surprising given
identical experimental procedure and machine design. It also clearly demonstrates the increased

variability for machine 1, particularly at a print temperature of 200°C.
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Figure 8.20 Relationship between print temperature and cross-sectional area as a proportion of the nominal
value

Figure 8.21 shows the relationship between print speed and cross-sectional area. Again, machine 1 is
more sensitive to the changing print speed and appears to be the main contributor to the ANOVA
result showing significance of print speed. For machine 2, there is little difference between print
speeds whereas for machine 1, the area reduces with increased speed. This is likely due to the
increased volumetric flow rate required with increasing speed (for fixed EF and T) which requires
higher pressure for the nominal extrusion as was noted by Coogan and Kazmer [706] for standard
nozzles. This then results either in filament slippage or missed steps on the filament drive stepper
motor.
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Figure 8.21 Relationship between print speed and cross-sectional area as a proportion of the nominal value

Existing literature has identified bond width to be a key determinant of bonding strength and therefore
overall mechanical performance. Li et al. [707] developed a model for mechanical strength of
polymer ME AM components. In this, they first presented a general model that assumed bonding
between neighbouring layers to be perfect and therefore the behaviour of the bonded materials was
identical to the input feedstock. The internal geometry, similar to those demonstrated in the multiple
perimeter experiments in Section 5, are treated as internal cavities. However, they noted that this
assumption is not valid for the ME AM process. They conducted a series of mechanical strength
experiments which demonstrated non-perfect bonding. They demonstrated that reductions in void
density (and therefore increased bonding areas) strongly influence the overall component mechanical
performance. Similarly, Serdeczny et al. [355] stated that the cross-section of a deposited strand is an
important parameter for bonding strength between layers as it determines the bonding area, which

itself is a direct contributor to part strength.

Many studies have investigated the formation of bond morphology, typically finding that increased
temperatures enable greater coalescence and inter-diffusion. Bellehumeur et al. [708] modelled the
bond formation between ABS strands in the ME AM process. They determined that the most suitable
measure of bonding quality was bond width, and that the deposition cooling conditions had a strong
effect on coalescence. Kaveh et al. [359] found that the presence of internal cavities depended on print
temperature. In their experimentation, they found greater evidence of cavities at a print temperature of
230°C compared to 210°C for HIPS material. Shahriar et al. [709] investigated the coalescence
phenomenon of PLA and PEEK. They found that the bonding length was maximised at a temperature
of 167°C for PLA. Sun et al. [13] investigated the effect of processing conditions on the bonding

quality of polymer ME AM components. They considered the mesostructure of the strands post-
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deposition, and found that fabrication strategy, envelope temperature and convection coefficients
arising from build plate location all had significant effects. They noted the sintering phenomenon as
being primarily responsible for the bond structure, but only for a short time after deposition before
solidification. Gurrala and Regalla [710] presented mathematical modelling and experimentation to
understand the contribution of coalescence to the strength of ME AM components. The model
considered sintering between cylindrical filaments, and the resulting bond width shown to directly
contribute to component tensile strength. They concluded that under standard conditions, some
coalescence does occur but that the process is not complete. Davis et al. [711] also explored the effect
of print parameters on bonding strength. They specifically considered print speed and temperature,
concluding that high speed (100mms™) and high temperature 250°C for ABS) gave optimal bonding.
Coogan and Kazmer [706] conducted experimentation to understand the effect of other print
parameters on bond strengths. They found that high bed temperatures, print temperatures, higher road
widths and smaller layer heights give the best bonding performance. Zhang et al. [712] also found that
component strength decreased with increasing layer height and print speeds. Yin et al. [713]
investigated bonding strength between TPU and ABS in a multi-material ME AM process. They
found increased bed temperature to give the biggest improvement in strength and suggested thermal
diffusion between depositions to be of significant importance. Mcllroy and Olmsted [714] stated that
the strength of welds between strands is controlled by the inter-diffusion and entanglement across the
boundary. They noted that high shear rates (associated with higher volumetric flow rates) during the

extrusion process led to disentanglement and lowered bond strength.

Given the demonstrated importance of bonding width on component strength, Figure 8.22 shows the
relationship between the measured cross-sectional area and bond width. The outlier results from
experimental run 9 on machine 1. This showed significant flow rate variability between layers, likely
due to the low print temperature, which gives rise to low bonding areas. Nevertheless, this
demonstrates strong positive correlation between the cross-sectional area and bond width. As a result,
for maximum bond width high EFs are combined with a high temperature. This is supported by the
ANOVA analysis, which demonstrates both of these factors to be statistically significant and that

increasing both factors gives the optimal response.
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Figure 8.22 Relationship between measured cross-sectional area and bond width

This also suggests that for the same cross-sectional area, the bond width is increased as a result of the
modified nozzle. According to the relationship discussed previously, this also indicates that the

modified nozzle will create single perimeter walls with improved part strength.

8.3.2.2. SURFACE QUALITY
ANOVA analysis of the average horizontal deviations between the furthest point on the perimeter of
each layer relative the furthest point of any perimeter shows no significant factors. These deviations
are therefore likely due to other aspects of process variability such as inherent flow instability and
positional repeatability. In any case, these values are small in all cases, rarely exceeding 0.02mm.
Additionally, the measure of deviation with varying extrusion rates such as those present around
direction changes is arguably a more important measure, for which the modified nozzle was shown to

be significantly stronger.

Comparison with the standard nozzle horizontal deviation values is shown in Figure 8.23. This shows
a reduced average deviation for the modified nozzle with a layer height of 0.4mm. Horizontal
deviations are also lower for the optimum parameters and 0.4mm LH modified nozzle than for the

standard nozzle with a LH of 0.2mm, despite the finer resolution of deposited strands.



181

0.060

0.050
— [ ]
g °
‘:' 0.040
% 0.030 L] @ Modified Nozzle
= <
E °
a 0.020 ° ° Standard Nozzle
g ) e . #® (0.4mm LH)
- Ao :o o®

0.010 “*A “ O 0 o9 A Standard Nozzle

- PY (0.2mm LH)
2
0.000
0.000 0.100 0.200 0.300 0.400 0.500

Measured cross sectional area (mm?)

Figure 8.23 Relationship between measured cross-sectional area and average horizontal deviation

ANOVA analysis of the three surface quality metrics, Rz, Ra and Rq show that temperature, EF and
print speed all have a significant influence on the output, except for temperature with Rz. In addition,
the interaction of temperature and velocity are demonstrated to be statistically significant in all cases.
Across these surface quality metrics, EF is consistently the most important factor, with around half of
the total contribution. The combination of temperature and velocity being significant may be
interpreted in two different ways. The first concerns actual volumetric flow rate, where this
combination determines the feed rate (and therefore pressure applied to the molten material) and
viscosity of the material. The other possibility is that it affects the heat applied to the previous layer.
Faster and higher temperatures combined may produce both more stable and higher volumetric flow
whilst reducing previous layer deformation and therefore lower over-extrusion beyond the modified

nozzle side piece.

Figure 8.24 shows the relationship between the measured cross-sectional area and Rq. It demonstrates
a negative correlation, where increased extrusion rates and cross-sectional areas give increased
interaction with the nozzle side piece and therefore improved surface finish. Also compared is the
standard nozzle for the 0.4mm layer height experimentation undertaken in Section 5. This shows that
the modified nozzle clearly produced lower surface roughness for all parameters. Alternatively, the
optimised parameters show a surface roughness similar to that with a 0.2mm layer height. This is of
course particularly significant for the optimal parameter settings, shown by the lowest Rq values on

the figure.
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Rz, Ra and Rq are all shown to improve with increasing temperature, increased print speed and
increased extrusion rate, although the improvement between 200°C and 230°C is small.

The optimal parameters across all output metrics are demonstrated to be an EF of 1.5, a temperature
of 230°C and a print speed of 3600mmmin. This can be validated by the strand cross-sections

displayed in Figure 8.11. These also clearly show that the EF of 1.5 is the most significant factor.

8.3.2.3. PERFORMANCE IMPLICATIONS
As a result of using the modified nozzle for steady state deposition, it has been demonstrated that
bond area, horizontal deviation and surface roughness characteristics have all been improved versus a
standard nozzle. In addition, it has enabled a layer height of 0.4mm with similar surface roughness to
a standard nozzle 0.2mm layer height and significantly improved bond width and improved horizontal
deviation. This theoretically enables stronger, more accurate components with shorter build times to
be produced.
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9. MODIFIED NOzzLE XY PLANE GEOMETRICAL PERFORMANCE

The experimentation presented in this section builds upon the modified nozzle studies conducted on
steady state straight depositions in the previous section to understand XY plane behaviour. In
particular, the ability to translate the improved nozzle performance observed for steady state to the
variable speed and extrusion conditions known to occur at corners is explored. This serves as a direct
comparison to the XY plane experimentation conducted in Section 6, where a standard nozzle was
used to quantify corner and non-corner weld errors. The use of a 4-axis machine with a modified
stepped nozzle is unique. As such, the experimentation in this section provides an initial investigation

of the behaviour of this machine and an exploration of which factors influence its performance.

9.1. METHODOLOGY

This section presents the methodology for XY corner error experimentation utilising a novel machine
design and straight section weld errors using the same experimental setup as in the previous steady

state experimentation.

9.1.1. CORNER ERRORS
Whereas previous steady state experimentation featured a fixed modified nozzle, to conduct corner
experimentation the nozzle side piece must remain parallel to the direction of motion at all points.
This necessitates the development of a fourth axis of rotation, enabling rotation of the nozzle relative
to the build plate.

There are some limited examples where extrusion-based deposition has been combined with a
rotational axis in addition to the standard three linear axes of motion. The most prominent example is
the development of Contour Crafting (CC) - a technique for automated construction using concrete.
This was developed almost 25 years ago [715] and has received some attention since. Khoshnevis
[716] detailed the process, where an adjustable side piece is combined with an extrusion mechanism
to produce smoothed outer surfaces. Other studies have explored CC further to develop modelling
[718-719], new materials [720-722], or various modifications and improvements to the original
process [716,723,724-734]. Although similar to the proposed modified experimentation, CC is
conducted on a significantly larger scale, with layer heights typically many tens of millimetres rather
than sub-millimetre. In addition, the materials used are not subject to melting and reheating. Other
examples of rotational extrusion processes include adding rotation to enable multi-axis deposition
[735], high speed rotational printing to enable fibre alignment in composites [736] and creating

variable width paths with a slotted nozzle [345].

For ease of manufacturing and simplicity of operation, an existing 3-axis ME AM machine was
selected for modification. This was the dual extrusion derivative of the ANet A8 used throughout the

rest of the experimentation, the ANet A8-M. It features a dual extrusion mechanism with separate
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stepper motors controlling each feed. The orientation of one of these motors was therefore changed
and then used to enable rotation of the remaining nozzle assembly. In simple terms, this gives a
machine with three Cartesian axes of motion and an additional rotary axis according to the machine
motion specifications presented by Kampker et al. [601]. The arrangement of the two stepper motors
and modified spindle are shown in Figure 12.8 in the Appendix. The second stepper motor and the
rotating spindle were connected via a belt drive. The rotating drive gear had 60 teeth whilst the
spindle gear has 20, giving a reduction ratio of 3:1. A major benefit of modifying the existing dual
extrusion setup was that it negated the need for firmware or mainboard modifications. Instead, the
extrusion command (i.e. a length of extruded filament) could be converted to a rotation. This value
was calibrated over 50 full rotations, with the start and end point noted. This process showed that an
extrusion value of 11.230mm corresponded to a full 360° rotation.

The experimental procedure was very similar to that employed in Section 6. This involved the use of a
removable acrylic slide in a modified aluminium print bed. A bespoke gantry mounting solution and
spindle assembly was fabricated from aluminium, and the central spindle from steel. 12mm outer and
6mm inner bearings were used at a spacing of 85mm, with the belt drive gear between these to
prevent a bending force being introduced. A brass locking ring was used below the lower bearing to
prevent movement upwards, whilst a top hat arrangement at the top of the steel spindle prevented

movement downwards. The experimental machine setup is shown in Figure 9.1.

Figure 9.1 Experimental machine setup utilising a modified print bed with removable slide on a modified ANet
A8M ME AM desktop printer for XY plane with a modified nozzle experimentation
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As before, a custom G-code generator was developed to enable selection of toolpath, rotation, print
speeds, rotation speeds, volumetric flow rate, print temperature and bed temperature. The acrylic slide
was removed after deposition and measured using a Zeiss Olympus BX51 TRF-6 Optical Microscope
with 5x magnification. Analysis of the strand morphology was conducted ImageJ. An interesting
effect of the increased print temperature versus the standard nozzle XY study is that the top surface
was observed to be far smoother. The stitching algorithm used by the microscope software
subsequently had difficulty in recognising position. Black marker pen features were therefore added,
which are evident throughout the images in this section.

The previous steady state experimentation with the modified nozzle demonstrated optimal parameters
of 230°C, 3600mmmin? and EF of 1.5 (i.e. nominal cross-sectional area of 0.24mm?). However, it has
been demonstrated that the extrusion rate is non-linear at direction changes, whereby the effective
extrusion rate is increased as motion slows towards corners. Given this, the increased extrusion rate at
a corner must become the dimensioning factor for the outer surface and so a lower nominal extrusion
factor was selected. Otherwise, the higher extrusion rate at the corner is beyond the optimal extrusion
rate identified in the parameter optimisation and significant dimensional error would be expected.
Similarly, initial experimentation showed that a print speed of 3600mmmin-! produced significant
deposition errors under acceleration so this was reduced to 1800mmmin-t. As such, initial
experimentation was conducted at a temperature of 230°C, print speed of 1800mmmin and EF of 1.2.
In subsequent experimentation, the effects of extrusion rate, print temperature, corner angle, rotation

speed, retractions and single layer depositions were explored, all for a single perimeter.

Preliminary experimentation revealed pauses at corners associated with the rotational motion of the
nozzle. As a result, the standard XY plane experimental equipment and design used in Section 6 was
utilised to measure the effects of corner delays and retraction experiments conducted to counter this

phenomenon.

9.1.2. NON-CORNER WELD
Non-corner welds were fabricated using the modified 0.4mm step height nozzle. This does not require
rotation, so the standard ANet A8 machine setup as used in Section 8 was utilised. A custom G-code
generator was produced, which mimics the weld algorithm contained in CURA. This approach was
almost identical to the experimental design in Section 6 but instead with the modified nozzle. This
enabled the use of wipes past the weld to improve geometrical accuracy. Otherwise, the experimental
procedure was identical using the removable acrylic slide, measurement at 5x magnification and

measurement and analysis in ImageJ.
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9.2.RESULTS

9.2.1. CORNER EXPERIMENTATION
The preliminary experiment with an EF of 1.2, temperature of 230°C and print speed of 1800mmmint

is shown in Figure 9.2. This shows over-extrusion beyond the nozzle side piece. This feature is

highlighted in black below and is also highlighted in subsequent microscope images.

Figure 9.2 Initial 90 degree corner over-extrusion (corner over-extrusion highlighted, right)

9.2.1.1. PRELIMINARY EXPERIMENTATION
The images shown here are preliminary studies of the rotating modified nozzle behaviour with the
expected optimal steady state parameters (Figure 9.3) and with reduced temperature and extrusion rate
(Figure 9.4).

Figure 9.3 Initial 90 degree corner result
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Figure 9.4 90 degree corner with reduced temperature (200°C) and extrusion factor (1)

9.2.1.2. SINGLE LAYER EXPERIMENTATION

The images shown here are for the first layer only, deposited directly on the removable acrylic slide.

Figure 9.5 Single layer 90 degree corner using modified nozzle on 4-axis machine

Figure 9.6 Single layer 90 degree corner using modified nozzle on 4-axis machine with wipe (F1800, left and
F450, right)
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Figure 9.7 Single layer 90 degree corner using modified nozzle on 4-axis machine with straight wipe beyond
corner (F450)

9.2.1.3. CORNER ROTATION DELAYS
The need to rotate the nozzle assembly at corners led to corner delays. The experimental results
presented in this subsection show the decrease in rotation time per layer with increasing rotation speed
(Figure 9.8), the effect of corner pause on a standard nozzle non-rotational example (Figure 9.9) and
the application of the minimised corner delay (i.e. maximised rotational speed) for 90 degree (Figure

9.10) and other corner angles (Figure 9.11).

@ @ e e Q e
IS n o ~ 00 v}

Rotation time per layer (s)
(=]
Y

0.2

0.1

0 1000 2000 3000 4000 5000 6000 7000 8000

Rotational motor speed (mm/min)

Figure 9.8 Nozzle rotation time per layer
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No pause 49ms pause

Figure 9.9 Effect of corner pause using standard machine and nozzle

Figure 9.11 45 degree corner (left) and 135 degree corner (right) with rotational modified nozzle and optimised
corner delay time

9.2.14. USE OF RETRACTION DURING ROTATION
The use of retractions during the rotational corner pause is demonstrated for the standard nozzle first
(Figure 9.12) and is then applied to the rotating modified nozzle (Figure 9.13).
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1]

49ms pause 49ms pause, Smm retraction
49ms pause, 10mm retraction 49ms pause. 20mm retraction

Figure 9.12 Effect of adding filament retraction during corner pauses

Figure 9.13 Effect of adding 5mm F10800 filament retraction during corner rotation

9.2.1.1. EFFECT OF TEMPERATURE
The effect of temperature is shown for the standard nozzle with pause (Figure 9.14) and both a pause
and retraction (Figure 9.15) and for the modified nozzle with a pause and retraction (Figure 9.16).
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230°C 200°C

Figure 9.14 200°C and 230°C 90 degree corners using standard nozzle and machine with 49ms pause at corner

Figure 9.15 200°C and 10mm retraction with 49ms pause at corner

Figure 9.16 200°C, 10mm retraction results
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9.2.2. SUMMARY OF CORNER EXTRUSION ERRORS

. . Over- Max over-
Number Figure gpréz(tj R:;ztelgn Temperature Other changes extruded area e_xtrusion
(mm?) deviation (mm)
1 Figure 9.3 3600 3600 230 - 0.659 0.361
2 Figure 9.4 3600 3600 200 EF1 0.350 0.181
3 Figure 9.10 3600 5400 230 - 0.419 0.230
4 Figure 9.11 3600 5400 230 45° angle 0.940 0.342
5 Figure 9.11 3600 5400 230 135°angle 0.376 0.165
6 Figure 9.11 3600 5400 230 165° angle 0.092 0.084
7 Figure 9.13 3600 5400 230 5mm retraction 0.304 0.213
8 Figure 9.16 3600 5400 200 10mm retraction 0.256 -

Table 9.1 Summary of corner over-extrusion errors in corner experimentation with rotational modified nozzle

Print Over-extruded Max over-
Number Figure Temperature Other changes ) extrusion
Speed area (mm?) o
deviation (mm)
1 Figure 9.9 3600 230 No pause 0.224 0.171
Figure 9.9, 3600 230 49ms pause 0.633 0.348
2 Figure
9.12,
Figure 9.14
3 Figure 9.12 3600 230 49mm pause, 5mm retraction 0.317 0.157
4 Figure 9.12 3600 230 49mm pause, 10mm retraction 0.477 0.157
5 Figure 9.12 3600 230 49mm pause, 20mm retraction 0.364 0.167
6 Figure 9.14 3600 200 49ms pause 0.559 0.303
7 Figure 9.15 3600 200 49mm pause, 10mm retraction 0.212 0.084

Table 9.2 Summary of corner over-extrusion errors in corner experimentation with non-rotational standard

nozzle

9.2.3. NON-CORNER WELD

Figure 9.17 XY plane non-corner weld with modified nozzle. Left: EF1.2, no move. Middle: EF1.2, 50mm final
move. Right: EF1, 50mm final move.
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Figure 9.18 XY Plane non-corner weld with modified nozzle errors
9.3.DISCUSSION

9.3.1. CORNER PERFORMANCE

9.3.1.1. PRELIMINARY EXPERIMENTATION
The first fabrication in Figure 9.3 shows a preliminary test using the optimal parameters as informed
by the steady state experimentation. This shows that whilst the nozzle side piece does clearly interact
with the deposited filament, significant over-extrusion is observed on the corner exit. The specific
area measured 0.659mm?with a maximum deviation of 0.361mm. This is significantly worse than the
non-weld standard nozzle 90° corner example with a LH of 0.2mm, where the maximum deviation
was less than 0.1mm and the area approximately 35% lower. As was the case with the steady state
study, this clearly occurs at the top of the previous layer. The over-extruded material is therefore
being pushed below the nozzle side piece. The larger increase in effective volumetric flow rate at the
corner likely pushes the behaviour beyond the highest EFs used in the steady state experimentation,
where the same result of significant over-extrusion was also seen. In addition to the steady state over-
extrusion, it is likely that the rotation itself contributes to this geometry. When approaching the
corner, the side piece is parallel to the entry direction. At the corner, the over-extrusion begins (as was
demonstrated in detail in Section 6). This additional material is likely to be deposited ahead of the
nozzle as it is blocked by the solidifying strand. It is posited that the rotation then directs this further
around the corner and below the nozzle as the additional material volume can no longer be contained.
It was noted that the morphology in the straight regions away from the corners remained as per the

results presented in the previous section.

Reducing the temperature to 200°C and the EF to 1 shows a reduction in the over-extrusion (Figure
9.4). The total over-extrusion area is almost halved to 0.350mm? and the maximum deviation halved

to 0.181mm, though this remains almost double that of the standard nozzle example. With a reduced
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temperature, the lower viscosity of the extruded material likely reduces flow beyond the side piece

and the reduced EF clearly reduces the overall volumetric flow rate leading to smaller error.

9.3.1.2. SINGLE LAYER EXPERIMENTATION
As was tested in isolated experimentation runs during the steady state experimentation, single layers
were deposited on the acrylic slide in order to understand the deposition behaviour with a solid and
stable previous layer. In this case, the area of over-extrusion changes from the exit of corners to the
entrance. This suggests that there is indeed some degree of interaction with the nozzle side piece
during the rotation phase. This behaviour is outlined in Figure 9.19.
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Figure 9.19: Over-extrusion process on first layer experimentation; (a) steady state, straight, (b)increasing
extrusion rate as speed reduced on entrance to corner, (c) beginning of corner rotation, (d) rotation complete

The addition of a wipe at a speed of 1800mmmin‘t slightly modifies this area, and doing so at a slower
speed of 450mmmint modifies it still further. This appears to maintain the same over-extrusion area
but reduce the maximum deviation by distributing the material further from the corner. Finally,
continuing with a wipe past the corner without rotation removes most of the over-extruded area,

although some remains even at a low speed of 450mmmin.

9.3.1.3. CORNER ROTATION DELAYS
It was hypothesised that delays at the corner required to allow the rotation of the modified nozzle
leads to significant over-extrusion, beyond what the nozzle side piece is able to mitigate against. In
addition, the pause at the corner leads to greater heat transfer to the previous layer, which could

further increase errors through reduced material stability.
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The initial rotational motor was set at an (implied extrusion) speed of 3600mmmin-t. Experiments
were conducted to understand the relationship between changing rotation speeds and in particular, to
compare these against a non-rotational perimeter example. Figure 9.8 shows the difference between
the non-rotational and rotational perimeters for varying rotational speeds. This demonstrates that the
rate of improvement falls. The maximum speed possible before missed steps and therefore rotational
position was found to be 5400mmmin. Assuming this delay is purely a function of corner angle, this

suggests the minimum corner delay for a 90° corner is 49ms.

Pausing at the corner produces significant over-extrusion as the material continues to flow during the
pause, since the pressure remains within the melt chamber. This is then matched by a period of under-
extrusion on the corner exit. Figure 9.9 shows this over-extrusion behaviour clearly, introducing

significant additional perimeter dimensional error. Including the 49ms delay on a standard nozzle 90°

corner approximately triples the over-extrusion area and doubles the maximum deviation.

Appling the increased rotational speed with the original temperature of 230°C and EF of 1.2, shows a
significant reduction in geometrical error. Both the over-extruded area and maximum deviation are

reduced by 36%. This is purely as a result of the reduced corner pause.

Other corner angles are presented in Figure 9.11. Smaller angles (i.e. sharper corners) have required

greater reductions in speed and so produce higher over-extrusion. In addition, the smaller angle leads
to a higher double extrusion area as was discussed in detail in Section 6. As expected, this shows that
the over-extruded area and maximum deviation are highest for the smaller angle and are significantly

reduced for larger angles.

9.3.1.4. CORNER RETRACTION
A usual source of pause in extrusion is the change between sections within a layer or moves between
layers. Slicing software commonly applies a retraction move, whereby the filament is driven upwards
to reduce the pressure within the liquefier and reduce unwanted extrusion. Figure 9.12 shows the
effect of adding various retraction distances, all conducted at the standard extrusion retraction speed
of 10800mmmin. This suggests that the retraction length has little effect, but that adding a retraction

at all improves the maximum deviation from 0.348mm to approximately 0.16mm.

Adding the retraction slightly increases the pause time, but the reduction in pressure overcomes this
effect. The 5mm retraction was integrated into the default rotational 90° experimentation. This
reduced the over-extruded area and maximum deviation to slightly but had the effect of introducing
inwards corner deflection. It appears that the corner was dragged inwards as a result of the retraction
and rotation combination, which was observed to become more pronounced with an increased number

of layers as demonstrated in Figure 9.20.
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Figure 9.20 Corner error increasing with layer number

9.3.1.5. EFFECT OF TEMPERATURE
Finally, reductions in temperature were investigated. Any improvements as a result of this will have a
negative effect on the steady state performance as was demonstrated in Section 8. Figure 9.14 shows
some reduction in over-extrusion where a temperature of 200°C was used together with the 49ms
pause. This is due to the increased material viscosity which reduces over-extrusion from the latent
liquefier pressure. Combining the lowered temperature with a 10mm retraction with the standard
nozzle shows very significant improvement. This performs very similarly to the original standard
nozzle experiments with no pause. Finally, these parameters were applied to the rotational approach
with a temperature of 200°C, an EF of 1.2, print speed of 1800mmmin and retraction of 10mm at
10800mmmint. Whilst this results in decreased over-extrusion, as shown in Figure 9.16, the corner is

again deformed inwards very significantly losing corner geometrical accuracy.

9.3.1.1. SUMMARY OF PERFORMANCE
The rotational experimentation has shown that the induced pause leads to higher over-extrusion,
particularly on the exit of the corner. Reducing temperature, optimising the corner pause and adding a
retraction theoretically reduces this. However, the greatest improvement is given by the retraction
although this instead directly leads to a loss of corner geometry inwards.

9.3.2. NON-CORNER WELD
Previous experimentation in Section 6 showed that welds at corners gave increased error, though
placing welds on continuous perimeters also introduced error. The addition of a modified nozzle with
a side piece has the ability to guide the material at the weld to improve both the bonding and reduce

the error.

The first approach utilised the same toolpath and extrusion conditions as was conducted for the
standard nozzle previously. This gave significant errors as the nozzle side piece moved between

perimeters and clashed with previously-deposited material.



197

The second approach utilised a 50mm movement past the weld on the outer perimeter for an EF of 1.2
and 1, and single, double and triple perimeters. The number of perimeters did not have a significant
effect on the error, nor did the extrusion factor. With the addition of the 50mm wipe, the maximum
deviation was reduced to approximately 0.04-0.05mm from 0.07-0.11mm without the modified nozzle

as presented in Section 6.3.
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10. DISCUSSION

This section provides a discussion of the work conducted in this thesis. Section 3 focused on
understanding the current level of performance achievable, whilst Sections 4, 5 and 6 further explored
the source of demonstrated errors. A novel nozzle design was then proposed and fabricated to

investigate potential steady state (Section 8) and XY plane improvements (Section 9).

10.1. CURRENT ME AM PROCESS PERFORMANCE

Sections 3 to 6 presented experimental work to improve understanding of the current performance and
the nature of process errors. Prior to this, existing experimental literature was reviewed. This
demonstrated that more than 300 macro experimental studies have been conducted, covering both
error characterisation and error improvement work. However, it has proven to be difficult to draw
generalisable conclusions which explains the apparent disconnect between academic work and the
ME AM process in practice. Although AM technologies are commonly used to produce one-off
prototypes as a result of their reduced setup costs, small batch processes are becoming increasingly
attractive via AM. It was demonstrated that work reflecting this was lacking in the existing literature,
where a comparison of the process performance between prints or between machines for identical

components was rare.

The first experimental work presented in Section 3 therefore sought to understand the dimensional
and geometrical accuracy and precision performance for a square-section component fabricated at
multiple locations within a print, across multiple prints and different ME AM machines. In doing so, it
directly addressed a key gap identified in the literature as part of Section 2. This experimental work
shows that accuracy errors were highly dependent on the axis direction being measured and the
machine used, but were typically less than 0.25mm. There was no clear relationship between machine
design or cost, and accuracy performance. Three measures of precision were introduced,
demonstrating that the more expensive machine achieved superior precision, likely due to the use of
higher quality components. Underlying precision, where each measurement position was normalised
against the average of values at that position, revealed a ‘best case’ precision of approximately
+0.2mm. As a result of the combined accuracy and precision errors, it was found that a tolerance of
1.2mm would be required to ensure that assembled components would fit according to a Cpk value of
1.33 (or 99.99% of components falling within the range). It was similarly demonstrated that
significant improvements to this could be realised with immediate blanket scale error compensation
factors. Geometrical error was observed to be concentrated at the 90° corners, where these tended to
deviate outwards relative to the straight side sections. Finally, a basic model was presented to classify
macro component errors as a direct result of errors in the outer perimeter. The source of these errors

was hypothesised as arising from either nozzle position (i.e. toolpath) or extrusion (i.e. volumetric
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flow and deposition morphology) deviations. These two aspects were therefore investigated in the

subsequent experimental sections.

A review of the existing literature revealed that little attention has been given to the accuracy of the
ME AM machine itself, decoupled from the extrusion aspect of the process. Similarly, experimental
data relating to the dimensional accuracy and precision of the filament feedstock was demonstrated to
be lacking. To address these gaps, machine positional performance was investigated on two ME AM
machines with different chassis mechanics and filament-related dimensional errors were investigated.
Filament manufacturers typically claim a diameter tolerance of £0.03mm or better. This was
confirmed via the measurement of ten different filaments from a variety of manufacturers and
materials. Extrusion length error was also determined using a cold extrusion with no nozzle present.
This showed a difference in performance between the two machines used, with a maximum accuracy
scale error of approximately 3% and a variability of +1%. The combination of filament diameter error

and extrusion length corresponds to a modest final XY error of approximately 0.012mm.

XYZ position error was modelled in terms of its scale and backlash components. Backlash errors were
demonstrated to be highly dependent on the motion mechanism. Both machines utilised a lead screw
mechanism for the Z axis, which showed much lower backlash error than most of the belt-driven X
and Y axes. Increased tensioning of the belt mechanism or gantry guide wheels appears to
significantly reduce backlash errors and therefore should be applied to current machines if not done
already. Scale errors were found to be significant on all axes on all machines. In all cases, the actual
movement was smaller than the nominal distance. Although a relatively small sample size, this does
suggest that significant dimensional improvement could be made through machine and axis-specific
compensation factors or improved calibration by machine manufacturers. The errors arising from
backlash and scale were significantly larger than the filament-related error at approximately 0.1mm
for the X and Y axes and 0.05mm for the Z axis based on a 15mm nominal component dimension.
However, these errors may be less significant in practice if mating components are fabricated using

the same machine, where both sets of measured dimensions will naturally exhibit the same error.

Steady state morphology experimentation investigated the dimensions and shape of the deposited
strand for a wide variety of layer height and volumetric flow rate combinations. Two principle
existing models were presented, as used by current popular slicers. These were the rectangular model
and semi-circular model, where for the same cross-sectional area (i.e. volumetric flow rate with
respect to movement speed) the semi-circular model predicts a greater road width. Cross-sectional
characterisation was conducted for single, double and triple perimeters, with double and triple the
most common slicer default settings. This showed that the presence of an inner perimeter slightly
altered the outer surface resulting in a marginally improved surface roughness. A new model was

developed consisting of arc segments rather than semi-circles. This morphology was found to vary
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with nominal cross-sectional aspect ratio and layer height, as well as with the aforementioned number
of perimeters. Versus the standard rectangular model, this new model predicts an increased road width
of approximately 0.035mm and therefore suggests existing components fabricated using the

rectangular model have an oversized error contribution of this value.

Finally, XY plane errors were investigated. 11 corner angles between 15° and 165° were fabricated
with a double perimeter, varying the presence or absence of a weld joint and perimeter deposition
order. The presence of corner error was noted to be caused by two main factors: theoretical double-
extrusion and a mismatch of extrusion and print head velocity profiles. In line with typical slicer
settings, the outer (i.e. second deposited) filament was deposited at half the speed of the inner. This
reduced corner deviation, though to some degree the improvement was offset by the error of the
adjacent perimeter blocking material flow in that direction. Internal corner deviations were shown to
have little significance versus the rounded external geometry and external over-extrusion errors for
cases of assembled components. Maximum geometric deviation relative to the straight and flat
sections away from the corner was typically of the order of 0.1mm and was generally worse for
smaller angles, with the weld present and where the outer perimeter was deposited first at the doubled
print speed. Tests were conducted at different orientations and by reversing the print direction, which
showed little difference in the errors present. The effect of print speeds was also investigated. This
showed that a lower sprint speed of 450mmmin-* reduced the errors significantly, though this would
result in a large increase in build time. Finally, non-corner welds were produced on a representative
straight section. This showed a deviation of approximately 0.1mm, similar to those observed at the
corner outer perimeters. Given that the weld corners exhibited slightly increased corner error
compared to the non-weld examples, this suggests moving the weld away from distinct corners can
slightly improve tolerancing. However, this weld would then likely become far more visually

distinctive which is often the rationale for the current placement at the sharpest corner.

In addition to the experimentation discussed above, Section 7 presented existing approaches to
improve the performance of the ME AM process. Improvement methods were classified into three
categories: error avoidance, error compensation and post-processing. Existing studies have
demonstrated that significant effort has been made in these areas, but that nonetheless the majority of

the findings have not been incorporated into current slicers or the ME AM process as a whole.

Being a relatively new technology, designers are still learning about the limitations of ME AM and
how to design components to best harness its performance capability. Detailed dimensional
performance data is still lacking and most users instead rely on a trial-and-error approach. Individual
parameter optimisation studies have considered only isolated combinations of machine, material,
component and slicer. This makes their general applicability difficult, such that the findings of any

one study applied to an alternative experimental setup may not yield the expected impact or could
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even worsen performance rather than optimising it. The generation of new toolpaths has tended to
focus on reducing theoretical staircase errors or voids within the layer and as a result have not led to
improvement in dimensional or geometrical performance. Extrusion generation approaches have
reported improved continuity of material flow at direction changes. However, such approaches require
more complex control and potentially higher quality components to be used and have yet to be
adopted by slicers. Novel machine designs have addressed both XYZ motion and nozzle design.
Alternative machine motion designs have failed to demonstrate improved dimensional performance
and have instead focused on reducing the need for support or improving very specific component
types. Nozzle designs have typically focused on internal geometry to ensure steady material
deposition, with only one theoretical example presented to physically alter the deposition
morphology.

Error compensation at the machine level is demonstrated to be effective for scale errors, but requires a
relatively intensive experimental procedure which cannot reasonably be performed by a typical user.
Post-processing techniques have usually focused on improving surface roughness rather than
dimensional accuracy. In addition, these are limited in their applicability to various component

designs and materials, and necessarily introduce time and cost penalties.

10.2. NOVEL NozzLE DESIGN AND 4-AXI1S MACHINE

Based on the surface profile and XY errors demonstrated on a standard ME AM machine, a novel
nozzle design was proposed featuring a side piece, similar to that proposed in a previous numerical
study which suggested promising results. This design theoretically prevents XY plane deviation by
directing excess material resulting from increased effective extrusion rates away from the external
perimeter. In addition, for vertical walls the interaction of the deposited material with the side piece
gives a theoretical improvement in surface quality. It is important to state that the experimental
investigation of a nozzle of this design is entirely novel, and builds on only a significantly limited

amount of theoretical modelling conducted previously.

Steady state experimentation, similar to that conducted with a standard nozzle, was performed. Initial
experimentation using four separate nozzle designs showed that a 0.4mm layer height was required to
achieve suitable morphological control. The stability of the previous layer was found to be a very

important factor and at lower layer heights, it was hypothesised that increased heat transfer resulted in

some local re-melting and therefore over-extrusion beyond the nozzle side piece.

Using a 0.4mm step height modified nozzle, improved surface finish and deviation was demonstrated
combined with theoretical improvements in build time owing to the increased layer height. A
parameter optimisation study was then conducted to determine the optimal values of print speed,
extrusion rate and print temperature. All three factors were demonstrated to be statistically significant,

as well as the interaction of temperature and print speed. Optimal print parameters were found to be a
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print temperature of 230°C, print speed of 3600mmmin and an extrusion factor of 1.5 (i.e. a

theoretical cross-sectional area of 0.24mm?).

Various alternative approaches were tested to improve performance including wipe movements,
reduced layer heights and multiple perimeters. However, these did not yield any significant
improvements and instead introduced further error. Beyond cross-sectional areas of between 0.192
mm? and 0.240mm?, over-extrusion beyond the side piece was observed. For variable extrusion rates
such as those in poorly-controlled deposition, variability was demonstrated to be significantly reduced
compared to a standard nozzle with no side piece.

In contrast to the improved performance demonstrated for straight steady state depositions,
preliminary experimentation utilising the modified nozzle on a modified 4-axis machine in the XY
plane revealed significant limitations. As discussed previously, the effective extrusion rate increases
at corners due to a mismatch between extrusion rate and print speed. Initial tests demonstrated that
there was an additional corner delay of approximately 0.5ms per degree of direction change for an
optimum rotational speed. Given that the pressure within the melt chamber cannot instantaneously be
reduced to zero, this pause introduces additional over-extrusion. As was demonstrated both in the
modified nozzle steady state experimentation and the standard nozzle XY tests, this manifests as over-
extrusion on the exit of the corner and below the nozzle side piece. The inclusion of corner retractions
and lower temperatures reduces pause over-extrusion, but deviates from the optimal parameters

generated via steady state deposition and introduces additional inwards corner geometry error.

10.3. CONCLUSIONS AND CONTRIBUTIONS

The research questions in Section 1.4.1 focused on characterisation of the existing process, immediate
improvements and potential modifications to the process. This thesis has made both theoretical and

practical contributions in each of these areas through detailed experimentation.

Directly comparable dimensional accuracy and precision data for identical components between
different ME AM machines was an area that was shown to be lacking in the current literature and in
part contributed to the limited generalisability of findings. The experimentation undertaken to address
this demonstrated that the current process accuracy error is highly axis and machine specific but was
less than 0.25mm in all cases. Precision errors were typically of the order of £0.2mm. Geometrical
errors were demonstrated to be concentrated at corners. The combined effects of these suggested that
the process tolerance required is significantly higher than other manufacturing processes. Given the
current performance of the process, a tolerance of approximately 1.2mm is appropriate to ensure
99.99% of fabricated components can be assembled. This initial experimentation is useful in
immediately providing direct information for those seeking to set up batch production using low-cost
ME AM machines, as has been shown to be increasingly the case. This experimental work addresses a

key research question, where it was noted that it was not clear what the magnitude and nature of errors
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are between multiple components, prints and machines. In addition, the apparent disconnect between
the large number of parameter optimisation studies conducted and their influence on current ME AM
performance was highlighted as a notable issue. It was discussed that this was primarily due to their
lack of generalisability, a major aspect of which is the applicability of findings between different
machines. The experimentation in Section 3 is therefore incredibly useful, in that it directly compares
results between machines of differing designs and thus provides results where this crucial yet often
overlooked element of variability is included.

The subsequent experimentation addressed the major gap in the literature identified in Section 2
regarding the lack of detailed knowledge of errors in terms of their influencing factors and where and
in what way they manifest. Macro errors on a fabricated component were categorised in terms of
positional and extrusion errors of the outer perimeter. A summary of these errors is included in Figure
10.1, in an ‘error budget’ approach for both steady state sections and corners. The data presented here
is based on a nominal 15mm component dimension featuring a 90° corner in the XY plane on the
ANet A8 desktop machine used throughout Sections 4 to 6. Accuracy data was captured for every
error source, whilst precision data was generated for positional error only.
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Figure 10.1 Summary of error sources in the existing ME AM process. Based on combined XY errors for ANet
A8 machine, 90 degree corner and default RW and LH (0.4mm and 0.2mm respectively).

This shows that the extrusion length and filament diameter accuracy and precision errors are small.
From a positional perspective, the backlash and scale errors dominate. Clearly, for larger nominal
dimensions the scale error will contribute to an even greater degree. Default layer heights and
extrusion rates are not close to process limits and as such, the extrusion volume accuracy error is

modest. However, if closer to rate limits through reduced temperature or increased volumetric flow



204

rate the contribution is likely to be more significant. In addition, although not quantified in this study,
the variable behaviour of unsteady extrusion when at rate limits suggest a potentially significant
contribution. The accuracy error between the rectangular cross-sectional model and the model
developed in Section 5 was demonstrated to be relatively modest, and given this models the road
width for a specified cross-sectional area, has very little theoretical precision error. Finally, corner
errors were demonstrated to significantly contribute to geometrical error and represent the single
largest contribution to accuracy error on a component. However, precision errors relating to
variability at corners were not actively investigated in this study. As the original machine used in
Section 3 was not available for subsequent experimentation, it is difficult to directly compare these
accuracy and precision errors with those determined in the original component study. Whilst the
errors presented above are similar to those of the three machines presented in Section 3, it should be
noted that other machine and axis-specific scale errors in particular could have a strong impact on the

measured dimensions.

Immediate improvements are possible for the existing process. It was first suggested that blanket X, Y
and Z scale correction factors could be applied, which could reduce the required tolerance from
1.2mm to 0.8mm. Further, machine-specific correction of backlash and scale error would yield the
most significant improvements, as demonstrated in Figure 10.1. In addition, small improvements of
approximately 0.03mm are possible by incorporating the filament geometry model developed in
Section 5 directly into slicers. However, the corner-based accuracy error is a more complex problem

for which a unique modification to the process was proposed and investigated.

The modified nozzle shows significant improvement in steady state performance, reducing
dimensional error and improving surface finish whilst also reducing the build time of vertical walls.
The use of this modified nozzle to produce physical artefacts is entirely novel, and provides a clear
basis for future work to build upon the findings included in this thesis. Whilst the modified nozzle
design used was shown to have performance issues in XY deposition due to additional over-extrusion
and the escape of deposited material below the modified nozzle side piece, the overall approach
nonetheless represents an exciting contribution which, subject to further development, may provide a

marked improvement in the performance of the ME AM process.

Scale, backlash and extrusion errors can be dealt with by manufacturers and slicing software
producers, though machine-level calibration remains relatively time consuming and difficult to
perform for the average user. The updated filament morphology model may be adopted immediately
as part of the existing toolpath strategy, where the outer perimeter toolpath is offset by half the road
width from the nominal layer boundary. Filament diameter errors are small for all manufacturers, and
do not significantly contribute to dimensional or precision error. Corner errors are shown to dominate

geometrical error, where the mismatch of the extrusion and movement gives over-extrusion at corners.
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Whilst this can be mitigated by reducing print speed, this has an associated increased build time.
Instead, it is important to properly control extrusion through improved flow control, or potentially

refine the modified nozzle with the 4-axis machine to reduce the effect of this.

In parallel, efforts to gather process performance knowledge to better inform users of ME AM at the
component design stage could reduce error. Precision performance data would reduce reliance on the
trial-and-error approach and knowledge of the corner error outlined above could potentially be
reduced through modifications to component design. However, it remains preferable for the process
itself to gain robustness and improved performance, such that it is more capable of manufacturing to

the nominal dimensions and geometry as designed by the user.

The knowledge of the source, magnitude and behaviour of errors presented in this thesis can be
immediately used to inform the most suitable improvement approaches. The application of these will
ultimately provide a more capable technology that is better able to fulfil its promise as a widespread

manufacturing process.

10.4. RESEARCH LIMITATIONS AND FUTURE WORK

As was first discussed in Section 3.1.4, the experimental work contained within this thesis was
conducted without direct measurement or control of the physical environment surrounding the print
process. In particular, neither the ambient temperature nor the humidity levels were controlled for,
though neither extreme temperature nor humidity were expected in the air conditioned and heated
laboratory facilities used. Although it was noted that it is rare for ME AM experimental studies to
record these environmental factors, it remains a limitation of this research and as such would benefit
from direct exploration, potentially through the replication of one chapter’s experimental results with

varying environmental parameters to understand their impact.

Similarly, the elapsed time between component fabrication and measurement was not recorded,
although it was never an extended period beyond approximately one month. This was also discussed
in Section 3.1.4, where it was noted that the near exclusive use of PLA in this thesis is expected to
mitigate against post-deposition dimensional changes to a large degree. However, once again this may
be considered a limitation whose impact could also be determined through the replication of
measurements for a specific experiment within this thesis at designated time periods following

production of the test artefacts.

Throughout the experimental work contained within this thesis, PLA feedstock material was used
almost exclusively with the exception of the direct comparison between PLA and ABS in Section 5.
This was justified by the increasingly dominant selection of PLA in experimental work identified in
Section 3. However, the analysis contained within that section shows that ABS remains in use in

many studies and that in addition, other materials (including other thermoplastics, ceramic pastes or
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biomaterials) are also gaining popularity. The exclusive use of the popular PLA is therefore a
limitation of the experimental work, which once more would benefit from further detailed
experimentation to address. In particular, non-thermal materials (i.e. pastes, gels) may be particularly
suitable to the modified nozzle experimentation in Sections 8 and 9, where the morphology of the

previously deposited layer will not be affected by heat from either the nozzle or the current layer.

The nozzle material also remained unchanged throughout experimental runs, where brass nozzles
were used in all cases. For standard (i.e. unmodified) nozzles, stainless or hardened steel nozzles are
commercially available and specifically recommended for use with composite or fibre-reinforced
polymers where nozzle wear is of greater concern. In addition, some coatings have been applied,
though again this has principally been aimed at reducing wear. As with alternative feedstock
materials, the modified nozzle experimentation in Sections 8 and 9 may particularly benefit from

further work centred on the combination of nozzle material and coatings.

As has been mentioned previously, the overall generalisability (or lack thereof) of previous
experimental work is a source of significant interest. Whilst the experimental work contained in
Section 3 is more generalisable than many of the experimental studies identified in the review since
multiple machines are utilised, the selection of constant parameter values remains a limitation.
Similarly, the use of two machines in the positional experimentation in Section 4 with a good degree
of alignment between them suggests a reasonable likelihood of the findings being generalisable. The
strand morphology and XY geometry experimental work utilising the existing nozzle design may be
generalisable in that cross-sectional areas were measured directly, and inferences for flow rates were
made from this. However, it would remain the case that there will be different alignments between
slicer (i.e. theoretical) flow rate and the actual flow rate on any given machine, which may limit the
generalisability of findings. The relatively close results from the prior two experimental sections
nonetheless suggest that some degree of applicability across the ME AM process should be expected.
The use of the modified nozzle design in the final two experimental sections may be expected to
increase the level of generalisability, since if the modified nozzle were placed on an alternative
machine or with different parameters, any strand deviation would be reduced as the side piece directs
excess material inwards. As was mentioned above, the applicability of the findings in this thesis have
not been demonstrated to extend to alternative feedstock materials and as such, further work in this
specific area would prove highly beneficial. Other future work would be well placed to support and
further develop the experimental results of this thesis. First, it was identified that scale errors
significantly contribute to the overall process inaccuracy. Whilst the error compensation process to
account for this is well understood, applying this to individual machines and axes requires time
consuming measurements using highly precise equipment. Efforts to reduce the difficulty of applying
this approach and limiting the need for user interaction should be explored, perhaps via the

development of standard protocols or cheaper and simpler measurement and error analysis processes.



207

Corner errors were demonstrated to be prevalent in the XY plane regardless of the machine selected
throughout Section 6. Improvement to extrusion flow control methods that can be integrated into
existing slicers and used with existing desktop machines would be very productive, potentially in

combination with further exploration of the modified nozzle approach investigated in this thesis.

Further development of the XY modified nozzle may yield performance improvements. In particular,
additional techniques to overcome the over-extrusion errors at the corner should reduce the errors
determined in this study, potentially covering nozzle geometry changes, slicing algorithm advances as
well as investigations surrounding the effects of alternative materials mentioned above. Provided the
XY errors determined in this study can be overcome, attention should then be given to the
demonstration of modified nozzle performance on non-vertical walls and integration with infill
deposition. This would require experimentation similar to that conducted in Sections 8 and 9, with
careful consideration of approaches to develop the limited experimental work contained in this thesis
to bridge the gap between two-dimensional samples and full three-dimensional components with

improved properties.

Finally, there have been recent and significant advances in the use of new techniques surrounding in-
process error detection and correction. It was noted in Section 7.1.2 that many novel approaches had
been suggested to improve the ME AM process, though many of these relied on components being
manufactured, with measurement and analysis then taking place to inform future production.
However, the use of real time control using advanced techniques enables faster and more direct
improvements to be made, such as those suggested in Section 7.1.2.6. For example, the recently-
presented work by Brion and Pattinson [645] suggests exciting possibilities for process improvement
in a wider range of fabrication scenarios through the use of deep learning utilising neural networks.
Whilst such improvements would still be somewhat limited by the performance of conventional
hardware, it may be possible to combine this with the modified nozzle approach to enable the

potential benefits of this step change in process capability to be fully realised.
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12. APPENDIX

12.1. MATERIAL EXTRUSION ADDITIVE MANUFACTURING ACCURACY

AND PRECISION

GD&T definitions;
Cylindricity — measure of roundness and straightness along a cyclinder’s axis

Circularity — a 2D slice measure similar to cyclindricity without the straightness along the axis
measure. A measure of how closely the shape of an object approaches that of a mathematically perfect

circle, within two circular boundaries
Concentricity/Coaxiality - deviation of feature axis against a datum axis

Flatness - straightness in multiple dimensions, measured between the highest and lowest points on a

surface representing upper and lower planes

Parallelism - straightness at a distance, the degree of deviation between two line or planar features
Straightness — deviation from a single dimensional datum

Perpendicularity — flatness perpendicular to a datum plane or line, defined between two planes

Angle deviation — also called angularity, flatness at an angle to a datum utilising an upper and lower

plane
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Figure 12.1: Citation network of key publications
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Figure 12.2: Experimental study geographic distribution (Worldwide)
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Figure 12.3: Experimental study geographic distribution (Europe)
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12.2. CURRENT ME AM PERFORMANCE
X axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean -0.006 -0.185 -0.094 0.030 0.095 0.124 -0.011 -0.001
Max. 0.480 0.400 0.280 0.210 0.340 0.480 0.480 0.380
Min. -0.390 -0.390 -0.280 -0.160 -0.330 -0.180 -0.390 -0.330
SD 0.152 0.114 0.082 0.069 0.112 0.102 0.167 0.136
Y axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean 0.111 0.045 0.160 0.159 0.138 0.052 0.064 0.158
Max. 0.620 0.380 0.530 0.460 0.620 0.220 0.620 0.380
Min. -0.260 -0.200 -0.030 -0.040 -0.130 -0.260 -0.260 -0.160
SD 0.112 0.136 0.094 0.080 0.093 0.084 0.113 0.089
Z axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean -0.045 -0.025 -0.047 -0.054 -0.052 -0.047 -0.042 -0.049
Max. 0.210 0.140 0.160 0.130 0.210 0.160 0.210 0.160
Min. -0.240 -0.200 -0.200 -0.220 -0.240 -0.230 -0.160 -0.240
SD 0.069 0.068 0.062 0.065 0.074 0.073 0.052 0.083
Table 12.1 ANet A8 summary table of dimensional accuracy and precision (all measurements in mm)
X axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean 0.032 -0.078 -0.055 0.029 0.144 0.122 0.057 0.008
Max. 0.510 0.200 0.200 0.380 0.430 0.510 0.510 0.430
Min. -0.300 -0.300 -0.290 -0.190 -0.150 -0.140 -0.210 -0.300
SD 0.128 0.096 0.097 0.091 0.083 0.092 0.117 0.134
Y axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean 0.132 0.030 0.055 0.102 0.231 0.240 0.108 0.155
Max. 0.680 0.240 0.360 0.370 0.680 0.450 0.680 0.610
Min. -0.240 -0.240 -0.190 -0.150 0.040 -0.020 -0.240 -0.180
SD 0.144 0.118 0.122 0.122 0.114 0.092 0.144 0.140
Z axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean -0.065 -0.038 -0.044 -0.055 -0.077 -0.106 -0.039 -0.091
Max. 0.120 0.120 0.100 0.090 0.060 0.090 0.120 0.110
Min. -0.260 -0.240 -0.250 -0.250 -0.230 -0.260 -0.210 -0.260
SD 0.068 0.068 0.062 0.066 0.059 0.063 0.057 0.069

Table 12.2 MakerBot Replicator summary table of dimensional accuracy and precision (all measurements in

mm)
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X axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean 0.150 0.124 0.153 0.160 0.152 0.160 0.138 0.162
Max. 0.510 0.230 0.360 0.340 0.430 0.510 0.510 0.430
Min. -0.090 -0.090 -0.080 0.020 0.000 -0.080 -0.080 -0.090
SD 0.072 0.057 0.059 0.058 0.073 0.099 0.069 0.073
Y axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean 0.159 0.122 0.169 0.173 0.180 0.149 0.173 0.144
Max. 0.540 0.220 0.350 0.340 0.290 0.540 0.290 0.540
Min. -0.100 -0.060 -0.010 0.000 0.040 -0.100 -0.100 -0.060
SD 0.063 0.050 0.061 0.053 0.041 0.082 0.057 0.065
Z axis Overall Level 1 Level 2 Level 3 Level 4 Level 5 Centre Corner
Mean -0.188 -0.087 -0.179 -0.203 -0.221 -0.242 -0.193 -0.183
Max. 0.040 0.040 0.000 -0.040 -0.060 -0.060 0.030 0.040
Min. -0.390 -0.180 -0.300 -0.330 -0.350 -0.390 -0.310 -0.390
SD 0.084 0.042 0.064 0.068 0.068 0.074 0.067 0.098

Table 12.3 Ultimaker 3 summary table of dimensional accuracy and precision (all measurements in mm)

12.3.

MACHINE POSITIONAL PERFORMANCE

12.3.1. EXTRUSION MECHANISM ERROR

Nominal Measurement Measurement Measurement Measurement Measurement Measurement

distance 1 (mm) 2 (mm) 3 (mm) 1 (%) 2 (%) 3 (%)
(mm)
50 -0.50 0.50 0.00 -1.0% 1.0% 0.0%
100 -1.00 1.00 0.00 -1.0% 1.0% 0.0%
150 -0.50 0.50 0.50 -0.3% 0.3% 0.3%
200 -1.00 0.00 0.50 -0.5% 0.0% 0.3%
250 -1.50 0.00 0.50 -0.6% 0.0% 0.2%
300 -1.50 0.50 0.50 -0.5% 0.2% 0.2%
350 -1.50 1.00 0.00 -0.4% 0.3% 0.0%
400 -1.50 1.00 -0.50 -0.4% 0.3% -0.1%
450 -1.00 1.00 -1.00 -0.2% 0.2% -0.2%
500 -0.50 1.50 -0.50 -0.1% 0.3% -0.1%

Table 12.4 ANet A8 extrusion length error

Nominal Measurement Measurement Measurement Measurement Measurement Measurement

distance 1 (mm) 2 (mm) 3 (mm) 1 (%) 2 (%) 3 (%)
(mm)
50 -2.00 -2.00 -2.00 -4.0% -4.0% -4.0%
100 -3.00 -3.00 -2.50 -3.0% -3.0% -2.5%
150 -5.00 -5.50 -5.00 -3.3% -3.7% -3.3%
200 -7.00 -7.00 -7.00 -3.5% -3.5% -3.5%
250 -8.00 -8.00 -7.50 -3.2% -3.2% -3.0%
300 -9.00 -9.50 -9.00 -3.0% -3.2% -3.0%
350 -10.50 -10.50 -10.00 -3.0% -3.0% -2.9%
400 -12.00 -12.50 -12.00 -3.0% -3.1% -3.0%
450 -13.50 -14.00 -13.50 -3.0% -3.1% -3.0%
500 -14.50 -15.00 -14.50 -2.9% -3.0% -2.9%

Table 12.5 Creality Ender-5 Pro extrusion length error
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12.3.2. MEASURED FILAMENT DIAMETER DIMENSIONAL ERRORS

Measureme  Vellema Vellema Vellema Vellema Vellema Vellema Vellema Vellema  Multico Polymak

nt No. n PLA nPLA nPLA nPLA nPLA n PLA nPLA nPET mp TPU- er PLA
Orange Orange  Yellow Dark Natural Light Light Natural 95A Red 1
1 2 1 Blue 1 1 Blue 1 Blue 2 1 Black 1
1 -0.02 0.00 -0.02 -0.02 0.01 0.02 0.03 0.00 0.03 0.01
2 -0.02 0.01 -0.02 0.01 0.02 0.03 0.00 0.01 0.02 0.00
3 0.02 0.02 0.01 -0.01 0.02 0.05 -0.03 -0.01 0.01 0.00
4 0.01 0.03 0.02 0.00 0.04 0.05 0.00 0.01 0.02 0.00
5 0.03 0.03 -0.01 -0.03 0.03 0.04 0.01 0.00 0.01 0.01
6 -0.03 0.02 0.00 -0.02 0.02 0.04 0.02 0.00 0.01 0.00
7 0.01 0.02 0.01 -0.01 0.02 0.06 0.02 0.01 0.02 0.00
8 0.03 0.00 0.01 0.01 0.00 0.03 0.03 0.00 0.01 -0.01
9 0.02 0.02 0.01 -0.02 0.02 0.04 0.00 0.00 0.02 0.00
10 0.01 -0.01 0.02 -0.02 0.00 0.04 0.01 0.01 0.02 0.00
11 0.00 -0.01 0.01 -0.01 0.02 0.06 0.00 0.00 0.02 0.01
12 0.01 0.00 0.00 -0.03 -0.01 0.05 0.01 0.00 0.02 0.01
13 0.03 -0.01 0.00 0.00 0.02 0.05 0.02 0.00 0.01 0.00
14 0.02 0.01 -0.01 -0.03 0.02 0.01 0.02 0.01 0.00 -0.01
15 0.02 0.02 -0.01 0.00 0.03 0.02 0.00 0.00 0.02 0.00
16 0.00 0.02 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.00
17 -0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02
18 -0.01 -0.01 0.00 0.01 0.02 0.03 -0.02 0.01 0.02 -0.01
19 -0.02 0.01 -0.01 0.00 0.02 0.01 0.01 0.00 0.02 -0.01
20 -0.01 0.02 0.00 0.01 0.01 0.02 -0.01 -0.01 0.01 -0.01
21 0.01 0.00 0.00 0.00 0.03 0.02 0.03 0.01 0.04 0.02
22 0.01 -0.01 0.00 -0.02 0.04 0.02 0.03 0.01 0.03 0.00
23 0.01 0.03 0.00 -0.01 0.02 0.04 -0.01 0.02 0.04 0.00
24 0.00 0.01 0.01 0.00 0.04 0.02 0.00 0.01 0.03 -0.02
25 0.00 -0.01 -0.01 0.00 0.03 0.03 -0.03 0.01 0.04 0.01
26 -0.01 0.01 -0.02 0.00 0.04 0.01 0.00 0.00 0.04 0.02
27 -0.01 0.02 -0.01 -0.01 0.04 0.02 -0.04 0.00 0.03 0.00
28 -0.01 0.00 -0.01 0.01 0.03 0.02 -0.02 0.01 0.03 -0.01
29 -0.02 0.01 -0.03 -0.02 0.04 0.04 -0.03 0.01 0.04 0.01
30 0.00 0.01 0.01 0.01 0.01 0.03 -0.04 0.01 0.04 0.01
31 0.02 0.03 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01
32 0.02 -0.01 0.01 0.02 0.03 0.04 -0.03 0.01 0.04 -0.01
33 0.02 0.00 0.01 0.00 0.04 0.05 -0.02 0.00 0.02 0.01
34 0.01 -0.02 0.01 0.01 0.03 0.05 -0.01 0.00 0.01 -0.01
35 0.02 0.03 0.01 -0.01 0.02 0.04 -0.01 0.01 0.01 0.02
36 0.01 -0.02 0.00 -0.01 0.03 0.04 -0.02 0.01 0.03 0.01
37 0.02 -0.01 0.01 0.02 0.03 0.02 -0.02 0.01 0.03 0.02
38 0.03 0.01 0.01 0.02 0.02 -0.01 0.01 -0.01 0.02 0.01
39 0.01 0.00 0.01 0.00 0.02 0.02 -0.01 0.00 0.03 0.03
40 0.01 0.00 0.02 -0.01 0.03 0.04 0.01 -0.02 0.02 0.02
41 0.01 0.01 0.00 0.00 0.04 0.03 -0.03 -0.01 0.00 0.02
42 -0.01 0.02 0.00 0.02 0.03 0.01 0.01 -0.01 0.01 0.01
43 -0.01 0.01 -0.01 -0.02 0.04 0.03 0.03 0.00 0.03 0.00
44 -0.01 -0.01 0.02 0.01 0.04 0.01 -0.03 -0.01 0.00 0.00
45 0.01 0.01 0.01 -0.01 0.01 0.04 0.02 0.00 0.01 -0.01
46 0.02 0.01 0.01 0.02 0.04 0.00 0.01 0.00 0.00 0.01
47 0.03 0.00 0.00 -0.02 0.04 0.02 0.00 0.00 -0.01 0.01
48 -0.02 -0.01 -0.01 -0.01 0.00 0.02 0.00 -0.01 0.02 0.00
49 0.01 0.02 -0.01 -0.02 0.01 0.01 -0.01 0.00 0.02 0.01
50 0.01 0.00 -0.01 -0.02 -0.01 -0.02 0.03 -0.01 0.03 -0.02

Table 12.6 Measured Filament Diameter Errors (mm)
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Cr_oss— Layer Road width Bpnd Hor_izo_ntal
Number  sectional height (mm) width deviations Rz (mm) Ra(mm) Rqg (mm)
area (%) (mm) (mm) (mm)
1 83.0 0.096 0.192 0.136 0.005 0.035 0.007 0.009
2 92.0 0.100 0.251 0.191 0.006 0.045 0.008 0.010
3 88.0 0.099 0.286 0.224 0.003 0.039 0.008 0.010
4 92.5 0.099 0.389 0.340 0.006 0.039 0.008 0.009
5 85.0 0.196 0.240 0.081 0.009 0.108 0.021 0.025
6 102.7 0.201 0.346 0.230 0.011 0.098 0.016 0.020
7 103.0 0.198 0.453 0.338 0.009 0.075 0.014 0.017
8 101.2 0.198 0.544 0.434 0.009 0.083 0.015 0.018
9 96.8 0.197 0.622 0.520 0.013 0.075 0.013 0.016
10 93.1 0.198 0.789 0.684 0.003 0.059 0.013 0.015
11 96.6 0.299 0.379 0.157 0.012 0.139 0.028 0.033
12 93.2 0.297 0.482 0.294 0.013 0.114 0.024 0.028
13 92.0 0.299 0.608 0.425 0.027 0.136 0.024 0.029
14 91.8 0.298 0.752 0.569 0.008 0.102 0.022 0.026
15 100.8 0.297 0.961 0.800 0.019 0.110 0.022 0.026
16 88.6 0.303 1.095 0.926 0.020 0.128 0.025 0.030
17 77.1 0.402 0.537 0.255 0.042 0.206 0.036 0.044
18 89.8 0.413 0.776 0.531 0.036 0.204 0.035 0.043
19 914 0.398 0.980 0.761 0.018 0.143 0.029 0.035
20 93.7 0.400 1.203 0.946 0.010 0.161 0.033 0.039

Table 12.7 Single perimeter steady state filament morphology results
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Cr_oss- La_yer Road width Bpnd Hor_izo_ntal
Number  sectional height (mm) width deviations Rz (mm) Ra(mm) Rqg (mm)
area (%) (mm) (mm) (mm)
1 89.5 0.097 0.403 0.141 0.002 0.043 0.009 0.010
2 107.6 0.099 0.483 0.189 0.010 0.047 0.009 0.011
3 84.7 0.100 0.574 0.238 0.012 0.055 0.010 0.012
4 99.8 0.102 0.805 0.314 0.009 0.047 0.010 0.012
5 95.5 0.196 0.482 0.089 0.007 0.112 0.021 0.025
6 111.3 0.201 0.705 0.211 0.011 0.073 0.014 0.017
7 109.5 0.202 0.905 0.318 0.008 0.075 0.014 0.017
8 108.6 0.203 1.115 0.997 0.023 0.092 0.018 0.022
9 101.5 0.201 1.246 0.490 0.024 0.086 0.015 0.019
10 109.2 0.200 1.782 0.730 0.013 0.079 0.016 0.019
11 110.2 0.299 0.802 0.201 0.015 0.118 0.024 0.028
12 99.2 0.294 0.983 0.322 0.011 0.114 0.022 0.026
13 95.7 0.299 1.223 0.474 0.011 0.112 0.021 0.025
14 91.1 0.298 1.483 0.568 0.015 0.110 0.021 0.025
15 98.9 0.298 1.842 0.803 0.009 0.098 0.021 0.025
16 85.8 0.301 2.165 0.962 0.036 0.136 0.024 0.029
17 915 0.410 1.202 0.373 0.017 0.159 0.032 0.038
18 90.7 0.417 1.498 0.580 0.034 0.165 0.033 0.039
19 85.0 0.410 1.812 0.711 0.022 0.138 0.028 0.033
20 98.7 0.401 2.466 1.023 0.028 0.185 0.037 0.044
Table 12.8 Double perimeter steady state filament morphology results
Number sg::%srial kll_eai)g;i':c Road width \l/?/?dr]t(li gg\:ilezv(c)igil Rz (mm) Ra(mm) Rqg (mm)
area (%) (mm) (mm) (mm) (mm)
1 88.0 0.100 0.556 0.194 0.015 0.057 0.011 0.013
2 96.5 0.105 0.721 0.656 0.020 0.071 0.015 0.018
3 90.4 0.099 0.777 0.473 0.006 0.061 0.010 0.012
4 94.8 0.101 1.147 1.102 0.011 0.053 0.011 0.013
5 98.8 0.202 0.687 0.133 0.010 0.094 0.018 0.022
6 100.2 0.200 0.936 0.177 0.013 0.092 0.017 0.020
7 98.8 0.200 1.215 0.309 0.019 0.084 0.017 0.020
8 98.1 0.198 1.521 1.417 0.008 0.075 0.015 0.017
9 99.7 0.200 1.823 0.497 0.022 0.090 0.017 0.021
10 100.2 0.199 2.454 2.341 0.032 0.106 0.020 0.025
11 101.9 0.302 1.082 0.180 0.043 0.167 0.029 0.036
12 100.7 0.297 1.452 0.282 0.024 0.126 0.023 0.028
13 99.6 0.302 1.858 0.456 0.012 0.118 0.021 0.025
14 79.4 0.299 2.145 0.531 0.035 0.136 0.024 0.030
15 72.9 0.289 2.500 0.708 0.043 0.141 0.027 0.033
16 83.1 0.312 3.401 0.914 0.026 0.145 0.026 0.031
17 63.1 0.391 1.678 0.255 0.016 0.169 0.033 0.040
18 95.3 0.403 2.351 0.670 0.021 0.147 0.028 0.033
19 70.9 0.395 2.810 0.725 0.026 0.151 0.028 0.033
20 95.7 0.391 3.618 1.014 0.083 0.226 0.036 0.045

Table 12.9 Triple perimeter steady state filament morphology results
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Layer Road width Bond Horizontal
Number height width deviations Rz (mm) Ra(mm) Rq (mm)
(mm)
(mm) (mm) (mm)
PLA1 0.200 0.896 0.785 0.004 0.069 0.014 0.016
PLA2 0.198 0.913 0.803 0.011 0.081 0.015 0.018
ABS 1 0.202 0.872 0.748 0.011 0.088 0.017 0.020
ABS 2 0.197 0.860 0.736 0.019 0.100 0.018 0.022

Table 12.10 PLA and ABS double perimeter default print parameters comparison results
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Figure 12.5: Custom G-code generator for XY plane geometrical performance
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Angle Internal over- External over- Internal max. External max. External max.
© extrusion (mm2) extrusion (mm2) deviation (mm) deviation in (mm) deviation out (mm)
15 0.105 0.691 0.058 0.227 0.209
30 0.067 0.384 0.06 0.177 0171
45 0.07 0.375 0.077 0.137 0.205
60 0.158 0.409 0.133 0.161 0.177
75 0.104 0.375 0.122 0.192 0.112
90 0.105 0.449 0.107 0.167 0.141
105 0.156 0.222 0.15 0.096 0.145
120 0.192 0.155 0.136 0.081 0.107
135 0.48 0.075 0.196 0.061 0.061
150 0.428 0.166 0.165 0.092 0.096
165 0.532 0.324 0.165 0.118 0.118

Table 12.11 XY Plane internal corners with weld table of results

Angle Internal over- External over- Internal max. External max. External max.
© extrusion (mm2) extrusion (mm2) deviation (mm) deviation in (mm) deviation out (mm)
15 0.005 0.742 0.021 0.227 0.228
30 0.068 0.589 0.079 0.177 0.223
45 0.081 0.484 0.132 0.155 0.189
60 0.143 0.521 0.159 0.113 0.234
75 0.001 0.469 0.151 0.158 0.133
90 0.143 0.331 0.169 0.090 0.155
105 0.251 0.300 0.171 0.082 0.155
120 0.244 0.171 0.167 0.054 0.099
135 0.276 0.102 0.137 0.040 0.080
150 0.102 0.117 0.070 0.026 0.080
165 0.113 0.100 0.047 0.022 0.053

Table 12.12 XY Plane internal corners without weld table of results

Angle Internal over- External over- Internal max. External max. External max.
© extrusion (mm2) extrusion (mm2) deviation (mm) deviation in (mm) deviation out (mm)
15 0.047 0.604 0.053 0.116 0.197
30 0.118 0.445 0.081 0.137 0.140
45 0.140 0.336 0.089 0.110 0.119
60 0.196 0.197 0.104 0.119 0.072
75 0.221 0.315 0.117 0.115 0.089
90 0.240 0.284 0.149 0.135 0.052
105 0.349 0.211 0.159 0.081 0.044
120 0.314 0.201 0.145 0.073 0.090
135 0.369 0.115 0.163 0.067 0.091
150 0.415 0.179 0.165 0.069 0.117
165 0.405 0.182 0.155 0.105 0.114

Table 12.13 XY Plane external corners with weld table of results
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Angle Internal over- External over- Internal max. External max. External max.
© extrusion (mm2) extrusion (mm2) deviation (mm) deviation in (mm) deviation out (mm)
15 0.130 0.361 0.079 0.114 0.172
30 0.229 0.260 0.143 0.087 0.099
45 0.374 0.264 0.200 0.073 0.095
60 0.318 0.281 0.220 0.067 0.120
75 0.376 0.195 0.234 0.048 0.086
90 0.432 0.418 0.231 0.073 0.096
105 0.360 0.088 0.248 0.022 0.099
120 0.426 0.068 0.222 0.024 0.054
135 0.226 0.081 0.161 0.025 0.048
150 0.166 0.046 0.101 0.02 0.037
165 0.168 0.038 0.063 0.016 0.026

Table 12.14 XY Plane external corners without weld table of results

(lijnrr:r;/s(‘)pueti?', Intert_’nal over-2 Exter_nal over; Int_emal max. E)_(te_rna_l max. Ej)glei;rt]?olnrgi):
mmmin-) extrusion (mm?) extrusion (mm?) deviation (mm) deviation in (mm) (mm)
F900/450 0.031 0.009 0.100 0.003 0.012
F1800/900 0.059 0.122 0.141 0.028 0.058
F3600/1800 0.364 0.119 0.238 0.054 0.077
F7200/3600 0.925 0.563 0.326 0.132 0.141

F14400/7200 0.889 1.467 0.348 0.165 0.167

Table 12.15 XY Plane external corners with print speed variation table of results
Print Intertjal over- Exter_nal over- Int_emal max. E)_(te_rna_l max. E_xtgrnal max.
extrusion (mm?) extrusion (mm?) deviation (mm) deviation in (mm) deviation out (mm)
1 0.298 0.231 0.224 0.072 0.091
2 0.594 0.111 0.289 0.031 0.067
3 0.269 0.237 0.251 0.061 0.116
4 0.510 0.181 0.273 0.039 0.098
5 0.383 0.066 0.263 0.035 0.069
6 0.39%4 0.095 0.285 0.021 0.062

Table 12.16 XY Plane external corners with orientation and direction variation table of results
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12.6. MODIFIED NOzzLE GEOMETRY STEADY-STATE FILAMENT

MORPHOLOGY
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Figure 12.6 Nozzle side piece parallel alignment process
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Modified Nozzle
Design 1

Modified Nozzle
Design 2

Modified Nozzle
Design 3

Modified Nozzle
Design 4

Modified Nozzle Design
4 (0.1mm offset)

Figure 12.7 Modified nozzle photographs
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12.7. MOoDIFIED NOzzLE XY PLANE GEOMETRICAL PERFORMANCE

Figure 12.8 Modification of ANet A8-M gantry to provide rotation via second stepper motor reorientation



