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Abstract 
During the last decade, fused deposition modeling (FDM) has managed to become the 
most used additive manufacturing technology for rapid prototyping. The surge in 
application of FDM is thought to be due to a severe price drop following the expiration 
of crucial patents in the decade mid-to-late 2000s. However, the process of compiling 
strings of molten material into three-dimensional objects has two major pain points; 1) 
poor dimensional accuracy; and 2) poor structural integrity. Hence, the FDM process is 
considered a sub-par choice for prototyping. To increase the prototyping applicability of 
FDM, this thesis aims to improve upon these two aspects. This, by generating knowledge 
for assessing and improving the part performance, while also generating design tools and 
knowledge to limit the impact of these major downsides. FDM is a very complex process, 
with many contextual factors that have implications for the performance of the end-result. 
The approaches utilized in this thesis are therefore directed towards trying to explore 
isolated effects and mechanisms, rather than assessing difficult-to-generalize overall 
performance parameters.    

Dimensional accuracy is a well-established area of research, and drivers for defects and 
inaccuracies can be categorized into STL-conversion, printing fundament, positional 
accuracy, layer sampling and accuracy of material extrusion, where the contributions of 
this thesis are focused towards the two latter.  The novelties presented here that target 
these, are; 1) an analysis of layer height and the sampling methods influence on the 
dimensional accuracy of threaded parts, through a novel method of digital image analysis; 
and 2) investigation of the performance of pressure advance algorithms, designed to 
improve the dimensional accuracy in regions of high acceleration/deacceleration of the 
printer. Findings suggests that both effects have significant influence on the dimensional 
accuracy of the FDM process.  

Structural integrity of FDM is a less mature area of research, where the cause of the subpar 
performance compared to solid material is often debated. Most of the research within this 
domain tries to predict part performance based on input parameters, as with conventional 
material characterization research. This thesis explores an alternative approach, where the 
mechanical performance is estimated based on experimental investigation of the cellular 
structure. The novelties connected to this approach, presented in this thesis can be 
summarized as; 1) integration of statistical perspectives (weakest-link effect) in the 
assessment of FDM part strength; 2) assessment of through-thickness properties of the 
mesostructure of FDM, using a novel method for analysis of computed tomography data; 
and 3) structural analysis of FDM parts using a multiscale simulation approach, currently 
directed towards linear elastic behavior and strain energy density distribution. Findings 
suggests that previous work on the structural integrity of FDM parts is highly non-
generalizable, due to a very complex mesostructure and strain energy density distribution.  

The concepts presented in this thesis fills in some of the current gaps in the research 
literature on the performance of FDM parts, and provides models, frameworks and 
relations that can be utilized in further work.   
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1. Introduction 
 

“Prototyping is the shorthand of innovation” 

- Tom Kelly, IDEO  

1.1. Motivation and background  
Being fluent in prototyping—the activity of building design proposals for the purpose of 
scrutiny—is a key asset for developing products that work as intended [1]. This is due to 
the limitation of the complexity of concepts that humans or computers can construct by 
deductive reasoning or prior empiric knowledge, without introducing design errors. The 
more novel the product, the more complex it becomes due to the lack of broken ground. 
This can be exemplified by Edison’s lightbulb experiments, which took thousands of 
experiments before reaching a technically and commercially viable solution [2]. The lack 
of empirical knowledge at the start of a development process leads to what Ullman calls 
“the design process paradox” [3], which implies that the knowledge about the design 
problem, and hence the ability to design, increases throughout the development process, 
while the design freedom decreases due to the design choices taken. From a cost 
perspective view, this discrepancy persists. The cost to change a design or explore design 
alternatives, sometimes denoted cost of learning, is low in the beginning of a development 
project, when the knowledge of the design is low, and increases exponentially throughout 
the project [4].   

The importance of the early-phase decisions on the final outcome is usually not reflected 
in the resources allocated. Prior literature explains that the majority of a product’s life-
cycle cost is locked-in through decisions made during the conceptualization and design 
phase of their projects, while these phases only attracts a small fraction of the life-cycle 
costs [5–7]. The sources to back up this inductive reasoning are scarce, and the 
disproportion would be dependent on e.g. product type, production volume and user 
characteristics, among others. However, a general overview given by Fabrycky and 
Blanchard [6] is provided in Figure 1-1. Thus, inexpensive tools and methods for allowing 
for rapid and thorough exploration are highly regarded in industry [8].  
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Figure 1-1 - Diagram of cumulative commitment vs. incurred cost for a general development 

program. Reproduced from Fabrycky and Blanchard [6].  

This need for inexpensive tools for experimenting have contributed to the wide 
application of computer-aided methods. In this connection, computer-aided design 
(CAD) is the basis technology, allowing for detailed construction and dimensional 
analysis of an ideal geometry (e.g., as clearance/interference, weight, center of gravity). 
The extensions of CAD are targeting two different aspects: virtual experimentation and 
testing of mechanical aspects through computer-aided engineering (CAE); and aid for 
physical manufacturing and experimentation through computer-aided manufacturing 
(CAM). The combination of CAM and numerically controlled manufacturing methods 
has empowered companies and workers with manufacturing skills previously only held 
by highly experienced professionals, enabling creation of machine instructions to 
automatically manufacture designs that earlier had been found too complex to make. 
Some of these computer-controlled manufacturing methods that specifically targets 
design exploration due to their versatile manufacturing capability, go under the name 
rapid prototyping [9]. Although an agreed upon definition does not exist, rapid 
prototyping can be summed up as: a relatively fast and automated method capable of 
making parts of a generic shape, with a very low level of user interaction. This branch of 
tools, nowadays often associated with various additive manufacturing (AM) 
technologies, has surged in application throughout industry during the past decade, 
mainly due to improved affordability. After the low-end priced sub 5,000 USD additive 
manufacturing systems entered the market around 2007, the numbers of sold units have 
increased with a factor of 100, as seen in Figure 1-2, reported by Wohler et al. [10]. One 
single technology—fused deposition modeling (FDM)—is the main driver in this rise of 
rapid prototyping.  
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Figure 1-2: Comparison between estimated global sales of industrial (>5000 USD) vs desktop 

(<5000 USD, mainly FDM) AM systems, by number of sold units. Compiled from data given in 

Wohler et. al. [10]. 

While the term fused deposition modeling is trademarked by Stratasys Inc., it has become 
the de-facto standard for referring to processes where strings of extruded polymers, from 
a filament feedstock, are melted together and compiled into parts, layer-by-layer. The 
term for this type of manufacturing, according to ISO/ASTM52900:2015 would be 
material extrusion additive manufacturing. This term is however ambiguous, as the 
referred standard does not give any recommendations on how other material-extruding 
processes, using concrete, wax or non-polymeric biomaterial, should be named. FDM-
like processes could be named polymer filament-based material extrusion, but no such 
convention currently exist. Some use the term fused filament fabrication, but this is not 
well adopted. This thesis will therefore use the term fused deposition modeling, but it 
must be mentioned that the research was not conducted using systems from Stratasys Inc.  

Having a tool as FDM available gives the possibility of prototyping structures that were 
previously only achievable by a 5-axes CNC milling, available at a fraction of the cost. 
Other key characteristics are: 

 high degree of integration with CAD; 
 high degree of automation;  
 low spatial requirements allowing it to be placed in close vicinity of the 

designer’s workstations; 
 high degree of open source design, software and firmware. 

These aspects have made FDM the most commonly used rapid prototyping method 
throughout the industry. On the flip side, desktop FDM machines are also among some 
considered a sub-par additive manufacturing choice for prototyping, especially for high-
strength, high-consequence or fine-tolerance applications. Some of the reasons for this 
are:  
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 poor build quality of machines [10,11], resulting in low reliability and 
repeatability; 

 structural properties difficult to assess a priori [12], making use of CAE tools 
difficult (as finite element analysis); 

 low dimensional accuracy [10,13–15], and commonly not possible to achieve the 
tolerance needed. 

For applications demanding high accuracy and structural integrity, engineers therefore 
turn towards more high-end and hence high-cost methods, which would heighten the 
threshold for committing to build prototypes. Increasing the design space of FDM in 
terms of strength and accuracy or assessing what levels of strength and accuracy is 
possible, would therefore aid in lowering threshold for building prototypes. Followingly, 
with the aim to improve the applicability of FDM for cost efficient experimentation with 
physical prototypes, this thesis seeks to investigate key aspects connected to the structural 
integrity and dimensional accuracy provided by the method. 

1.2. Research aim, questions and methods. 
In an effort to increase product development performance through improved prototyping 
methods, the main objective of this thesis is as follows: 

Objective: To improve the applicability of fused deposition modeling as a prototyping 
method by reducing the uncertainty in part performance, by building knowledge and 
establishing methods for assessing and improving their dimensional accuracy and 
structural integrity. 

During Chapter 2, this thesis will argue for why dimensional accuracy and structural 
integrity are key aspects in the context of prototyping in engineering design, through a 
compilation of conceptual studies and existing research. In this connection, this thesis 
will target the following research questions: 

RQ1: What are the main drivers/factors influencing dimensional inaccuracy of FDM 
parts? 

RQ2: What are the main drivers/factors influencing structural integrity of FDM parts? 

These research questions are answered through exploring different concepts, using a 
combination of physical testing, non-destructive testing, numerical simulations and 
analytical work. This work has resulted in multiple novel methods for assessing 
dimensional accuracy and structural integrity. The results are provided in 4 scientific 
articles aiming to partially answer the research questions regarding dimensional accuracy 
and structural integrity of FDM parts.  One additional article is appended which 
contributes to the connection between the manufacturing capabilities of FDM to the field 
of prototyping in specific. 
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1.3. List of appended papers 
The appended papers in this article collection-based PhD thesis relate to the overall 
objective as illustrated in Figure 1-1. Each paper has its own individual objectives, 
providing findings, methods and tools, contributing to the overall objective of this thesis 
as well as to the body of knowledge in general. As only three of the five papers are 
published, these will all be referred to as appended Paper 1-4 and Supporting paper.  

 

Figure 1-3: Relation between the of the papers’ scope, the research questions and overall 

objective of this thesis. 

These papers’ contributions are further described in Chapter 6, while a brief description 
of their thematic is provided as follows:   

Paper 1 – Dimensional accuracy of threads manufactured by fused deposition 
modeling. Tronvoll SA, Elverum CW, Welo T. 

Status: Published in Procedia Manufacturing 2018;26:763–73.  

Theme in-brief: This article explores the defects on FDM manufactured threads using a 
novel method of image analysis, and relates this to the geometric sampling used to 
generate the toolpaths. 

Paper 2 – Investigating pressure advance algorithms for filament based material 
extrusion: Theory, practice and simulations. Tronvoll SA, Popp S, Elverum CW, 
Welo T.   

Status: Manuscript approved to be published in Rapid Prototyping Journal. 

Theme in-brief: This is the first-in-field article to describe and investigate the 
performance of (pressure) advance algorithms, whose scope is to minimize acceleration-
related defects in FDM parts.  

Paper 3 – The effects of voids on structural properties of fused deposition modelled 
parts: a probabilistic approach. Tronvoll SA, Welo T, Elverum CW. 
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Status: Published in International Journal of Advanced Manufacturing Technology 
2018;97:3607–18.  

Theme in-brief: This experimental study relates the strength of FDM parts to their 
mesostructure by using image analysis, and introduces the weakest link aspect into 
research on FDM.  
 
Paper 4 – New method for assessing anisotropy in fused deposition modelling: 
Analysis of computed tomography data. Tronvoll SA, Vedvik NP, Elverum CW, 
Welo T.  

Status: Manuscript submitted for publication in International Journal of Advanced 
Manufacturing Technology  

Theme in-brief: This experimental study is the first-in-field to assess the 3D-internal 
structure of FDM parts, and to relate this to mechanical performance using a multiscale 
finite element-based approach.  

Supporting paper – Prototype Experiments: Strategies and Trade-offs. Tronvoll 
SA, Elverum CW, Welo T. 

Status: Published in Procedia CIRP 2017;60:554–9.  

Theme in-brief: This conceptual study explores the trade-offs committed when designing 
prototype experiments and describes how this relates to their strategic design approach.   
 

1.4. Limitations of the thesis 
1.4.1. Approach to state-of-the-art  
The recent price drop and subsequent sales surge for FDM systems are reflected in the 
numbers of papers on the subject. Using the keywords fused deposition modeling, melt 
extrusion additive, and fused filament fabrication, searching through title, abstract and 
keywords in the Scopus database reveals a leap in the numbers of scientific articles 
produced, around year 2010. It is now published at a rate of more than 866 articles per 
year (articles published in 2018, as reported January 7th, 2019), as seen in Figure 1-4. 
Even if the fundamental principles of fused deposition modeling have not altered much, 
the techniques, experimental results, and concepts are rapidly expanding. It is noteworthy 
that approximately 1/4 of the accumulated research on the topic is expected to be 
published within 2018 alone. For research trying to achieve a state-of-the-art overview of 
the field, therefore, might be outdated by the time of publication.  
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Figure 1-4: Research items published (excluding book chapters) on fused deposition modeling, 

melt extrusion additive, or fused filament fabrication per year in Scopus database. Accessed 

January 7th, 2019. Other, more vague keywords, as solid freeform fabrication and 3-D printing 

are neglected. 

1.4.2. Engineering design, design and product development 
This thesis will only assess prototyping of physical products as a part of the activities 
usually involved in product development. Although product development involves 
aspects as business models, company/customer interaction, supply chains and marketing, 
which can be investigated by prototyping, this work focuses on the construction and 
design of mechanical, dimensional and physical features of parts; that is, engineering 
design.  

As this work is primary intended as a contribution to the engineering design community, 
its focus is directed towards technical and strategic aspects of using FDM in prototyping. 
This, rather than the idioms of the prototyping methods, as would possibly be the case if 
considering design as an art form.  

1.4.3. Other methods of prototyping and additional processing 
Combined with the geometric flexibility of the process, the low cost of FDM is a key 
argument for its attractiveness as a prototyping approach. Some companies do however 
have very large prototyping budgets, large workshops and trained personnel, and hence 
could utilize more expensive rapid prototyping methods or high-end manufacturing 
methods, e.g. 5 axes milling, and small series injection molding, without much lead time 
penalty. However, as shown by the surge in FDM-machine sales, for most practitioners, 
cost is an important issue. This thesis is; therefore, directed towards users and companies 
with relatively low prototyping budgets, mainly as in small-to-medium sized enterprises 
(SMEs).  

There are many different needs for prototyping obviously not met by FDM, as e.g. fabric 
prototypes, high transparency prototypes, electronic prototypes. Hence, this thesis will be 
limited to prototyping of solid parts in the size range manufacturable by desktop FDM 
systems (normally in the range 100×100×100mm to 400×400×400mm). The focus has 
also been on printing with PLA, as this is the most dominant material in practitioner 
usage.  
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Furthermore, rapid prototyping by stereolithography (additive process abbreviated SLA, 
using UV light-reactive resin cured by a numerical controlled laser) is becoming 
increasingly popular due to recent reduction in cost. It is likely that this process will 
gradually take a larger share of the low-cost end of the rapid prototyping system market, 
as stereolithography is known for having better resolution and process control. As every 
method has its strengths and weaknesses, they could be considered complementary to 
each other.  Therefore, exploring SLA and its applicability as a prototyping method, go 
beyond the scope of this thesis.   

A large share of prior research goes into post-processing of FDM parts, for improved 
dimensional, functional or aesthetic properties. While this would include a large share of 
the conventional post-treatment methods of plastic parts, most of the FDM specific 
research deal with reducing the process’ inherent surface roughness through sanding, 
filling or chemical smoothing, or for increasing part tolerance through e.g. post-
machining. These are excellent contributions to FDM as a manufacturing method, and 
some of these techniques can be automated and included into FDM systems without 
inflicting with the method’s ease of use. Most techniques do; however, complicate the 
process and hence moves the process further away from the rapid prototyping genre. To 
limit the scope, this thesis targets identifying and improving upon FDMs standalone 
performance, rather researching potential ways of handling its deficiencies through post 
processing. 

1.4.4. Practitioner community activity 
An important aspect of FDM is the size of the practitioner and developer community. As 
most software and printer firmware are open source, this allows for extensive 
experimentation for everyone having basic coding skills. This leads to several techniques 
and tools that are developed completely outside the academic sphere, leaving the 
academic community lagging in some areas.  

1.5. Structure of thesis 
The remainder of the introductory overview of is organized into six parts: 

Chapter 2 displays the role of prototyping in engineering design, and what aspects of 
FDM are important in this context. 

Chapter 3 offers a brief description of the FDM process. 

Chapter 4 provides a synthesis of existing research explaining the various concepts and 
challenges associated with dimensional accuracy of FDM. 

Chapter 5 provides a synthesis of existing research explaining the various concepts and 
challenges within the scope of structural integrity of FDM. 

Chapter 6 lists the objectives and key contributions of the appended papers.  

Chapter 7 provides summary and conclusions on the contribution of the thesis to the body 
of knowledge. Further work is also proposed.   
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2. Prototyping by fused deposition modeling – 
Contextual factors 
 

2.1. The purpose of presenting prototyping theory in this thesis 
The industrial application of fused deposition modeling is, with some exceptions, 
restricted to prototyping. To explain FDMs role in prototyping, and followingly why 
structural integrity and dimensional accuracy are important attributes in this context, the 
following aspects are covered:  

 the role of prototyping in engineering design; 
 the manufacturing need from physical prototyping. 

This chapter will first go through the concept of prototyping in general, and then the role 
and approaches of physical prototyping will be discussed. These concepts, roles and 
approaches are then synthesized into a selection of manufacturing needs, which are 
elaborated on in the context of prototyping using FDM.   

2.2. The concept of prototyping in engineering design 
Product development is a set of sequential and iterative activities, which covers most of 
the work that is needed for bringing a product to market. The particular focus in this thesis 
is the development of mechanical aspects of the product and its manufacturing process.  
These aspects go by the definition of engineering design by Dixon and Duffey [16]. In a 
simplified way one could say that a general product development process consists of 
multiple phases, each with different main scopes, as described by Ulrich and Eppinger 
[17]: 

Phase 0: Planning  
Phase 1: Concept development 
Phase 2: System level design 
Phase 3: Detailed design 
Phase 4: Testing and refinement  
Phase 5: Production ramp-up 

This could be a linear process, often referred to as a waterfall model [18], which is a 
description of Royce’s proposal of how to manage software development projects [19], 
or serial engineering as named by Sobek, Ward and Liker [20]. However, many design 
decisions in a phase affects the requirements of the following phases, and a wider scope 
integrating the aspects from all phases is often beneficial for product development 
performance. This concept of integrating a more holistic viewpoint in all phases is named 
concurrent engineering by Sobek et. al. [20]. Iterations within each phase or between 
phases is also a common attribute of the development process, where one has to redo tasks 
based on new information, faulty initial design, or new design elements non-compliant 
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with previous elements [21]. In many cases, a real-world product development process 
will include elements from all these three characteristics.  

It is acknowledged that design in general is a process which consists of different divergent 
and convergent activities, where one explores concepts (divergent) and thereby evaluates 
performance (convergent) related to different requirements, denoted the generate-test 
cycle by H.A. Simon [22]. If a concept is found insufficient, new concepts must be 
generated and subsequently tested. This includes activities throughout the whole 
development phase, although the relative changes between each cycle might be larger in 
the early phases, when the design space is more open. The dominantly divergent concept 
development phase, and later, more convergent activities is reflected in Ulrich and 
Eppinger's graphical description of the product development process as seen in Figure 
2-1.  

 

Figure 2-1: Illustration of a general product development process from Ulrich and Eppinger [17]. 

The generate-test cycles can either be of an accidental nature, needed to repair a design 
error, or they can be intentional and planned to solve a specific set of problems. Clark and 
Fujimoto call these problem solving cycles [23], and also state that these experiments can 
be found in form of e.g. thought experiments, physical tests, hand calculations and 
simulations. Kennedy, Kennedy and Sobek [1] argue that the generate-test cycles that 
should be avoided are those arising from errors on design elements that were expected to 
be final. Final elements are often used as input for many other design choices. These 
would have dependencies throughout the design, and redesign of such elements are 
therefore often costly. These unplanned cycles around expected-to-be-final parts of the 
design are often named rework [1,9]. Building on the concepts from Fabrycky and 
Blanchard [6], rework risk can be defined as the difference between the system-specific 
knowledge and the commitment, as seen in Figure 2-2. New tools and strategies therefore 
often target reducing this gap in the efforts to reduce rework. This is the key aspect of the 
generate-test cycles, as rather than only designing by best guess and/or empirical 
knowledge, the generate-test cycles seek to capture and test the product performance 
before the design of the end product is finished.  
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Figure 2-2: Rework risk as derived from knowledge and commitment. Modified illustration from 

Fabrycky and Blanchard [6].  

Within the generate-test cycles, models of the design are evaluated against models of its 
environment, where both could be incomplete models, according to Thomke [24]. These 
models of the design in these cycles could go by the broad definition of a prototype as 
described by Ulrich and Eppinger [17]: 

“(prototypes are…) an approximation of the product along one or more dimensions of 
interest”  

This implies that prototypes could potentially obtain just a small selection of the product’s 
functionality or components. It would be important to note that as one is evaluating the 
product against an environment, creating a test environment might be equally challenging 
as creating a prototype. Hence, making prototypes are parts of a larger context in form of 
creating prototype experiments. As shown by Tronvoll, Elverum and Welo [25] and in 
the appended Supporting paper, iterations could be around improving or changing the test 
environment, as well as the design itself. An important aspect affecting the choice of 
prototyping method is therefore assessing what variety of test environments the prototype 
should be compatible with.  

For a binary experimental outcome, the correct interpretation of a prototype experiment 
could either be a subpar or adequate design, or that the experiment exhibits a type I or 
type II error, as illustrated in Table 2-1. As noted by Liker et al. [26], experimenting with 
prototypes made by rapid prototyping would often lead to Type I errors, as these are often 
underperforming compared to production-intent design. 
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Table 2-1: Interpretations of experiment outcomes. 
Experiment failure Experiment success 
Subpar design Adequate design 
Underperforming prototype  
(Type I error)  

Overperforming prototype  
(Type II error) 

Too harsh environment 
(Type I error)  

Too mild environment 
(Type II error) 

The experiments in which the design is evaluated, are not necessarily controlled 
experiments, as performed in natural sciences.  The appended Supporting paper elaborate 
on this topic by describing the experiment configuration as a trade-off between the 
following:  

 Iteration cost - What is the cost of the experiment?  
 Iteration time - What is the time used on the experiment? 
 Approximation level - How correct is the result? 
 User level - How easy is it to use? 
 Results presentation - How easy is it to draw conclusions from the data?  
 Experiment flexibility - How easy is it to change conditions?  

Therefore, one might find prototypes as simple as a sketch for facilitating thought 
experiments, to multi-million verification and validation prototypes, with examples given 
in Figure 2-3. The test environment might also be everything from as simple as showing 
the design to a colleague or manager for facilitating though experiments, to a full real-life 
test, nearly identical to the intended use scenario.  

 

Figure 2-3: Two examples of prototypes: multiple early phase sketches for form-finding of the 

Morris Minor, and late-phase verification and validation prototype of the SpaceX - Falcon Heavy 

rocket. Image courtesy of Alec Issigonis and Reuters/Thom Baur, respectively. 

Obviously, each prototype and environment should be tailored to its intended scope. 
Sometimes this could be as straightforward as a couple of hand calculations or static finite 
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element simulations. However, when one expects a more complicated part function as 
e.g. 

 subject to multiple dependencies between components;  
 multiple load cases difficult to analyze through CAE; 
 subject to hard-to-model human interaction, 

physical experimentation often has an edge compared to non-physical methods. As 
described by Ulrich and Eppinger [17]:  

"…  all of the laws of physics are operating when the [development] team experiments 
with physical prototypes." 

Therefore, despite the rapidly expanding capabilities of CAE, the discipline of 
engineering design would still involve physical prototyping. One can also argue that 
technological advances within manufacturing, such as rapid prototyping techniques, will 
continue to improve and thereby improve the attractiveness physical prototyping 

2.3. The types of physical prototyping and their manufacturing needs  

Ulrich and Eppinger [17] classify prototypes along an analytical to physical axis, and 
Smith [9] classifies design approaches as either being analyze first or make first. Analyze 
first describes the approaches where the early phase prototyping is done using analytical 
methods, such as CAD and CAE, while physical methods might only be utilized for later 
stage verification and validation. Conversely, make first targets early and possibly 
extensive physical prototyping for learning about the design problem, which could then 
be used as input to analytical models for refinement. Elverum et al. [27] argues that the 
more novel the design problem is, the more favorable make-first approach becomes, due 
to less broken ground for which analytical tools are found accurate. For well-known 
design problems, analytical models usually have a validated domain of accuracy and 
analytical tools are often more refined in terms of user friendliness to improve speed of 
experimenting.  Hence, physical prototypes play two different roles in these approaches, 
as tools for risk-management or as tools for exploration as defined by Schrage [28]. In a 
similar framework to the exploration/risk management classification proposed by 
Schrage, Smith [29] makes the same differentiation. He denotes the approaches 
traditional and front-loaded prototyping, building on the front loading conceptual 
framework from Thomke and  Fujimoto [30] directed towards early exploration and 
learning through prototypes. Smith describes the different prototyping approaches as 
listed in Table 2-2. As the objectives of the prototypes are different, there is no immediate 
contradiction in utilizing both strategies in the same development project. 
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Table 2-2: Traditional vs. front-loaded prototyping. Reproduced from Smith [29]. 

Characteristic 
Traditional 
prototyping 

Front-loaded 
prototyping 

Prototype cost High Low 
Prototype build time Slow Quick 
Numbers of prototypes Few  Many 
When used in development Late  Throughout 
Prototype’s objective Verify  Learn 
Prototype’s scope  Broad, vague Specific, narrow 
Prototype attractiveness Refined Perhaps crude 
Department affiliation Primarily engineering Any 

As an important note for build-first or front-loading methods, the constraints of the 
prototyping method could shape the design, rather than solely materializing a design idea. 
An example identified by Schrage, are the calculator product line from Hewlett-Packard, 
which drastically changed appearance after the designers changed from cardboard 
prototyping to foam shaping, resulting in a change from edgy plate-like designs to 
considerably more organic shapes [28]. For solely aesthetic features, this is not 
necessarily a problem, but for engineered features, the design should also be based on 
function, manufacturing capabilities and other constraining attributes.  

Table 2-3 summarizes the different manufacturing needs of the two different prototyping 
approaches, by synthesizing the relevant parts of the trade-off dimensions from the 
Supporting paper and the prototype characteristics from Smith [29]. 

Table 2-3: Manufacturing needs from the two different prototyping approaches. 

Traditional  Front loaded prototyping 
Part performance should be accurate on a system 
level, and hence enable verifying the overall 
product performance 

Part performance should be accurate in the scope 
investigated to generate rigorous knowledge 

Preferably low cost Low cost due to many cycles  
Preferably short lead time Low lead time due to short cycles 
User involvement not essential Low user involvement to enable experimenting 

without the need to involve 'expert users'. 
Able to replicate as-built manufacturing methods  Flexible, to reduce chances for prototyping method 

derived design 

Rapid prototyping methods, as FDM, are utilized for both traditional prototyping and 
front loading. However, front loading is where it has its main advantage, due to its key 
attributes of low cost, low lead time, low user involvement and high flexibility. As the 
lead time and prototyping budget is usually higher in traditional prototyping, FDM and 
rapid prototyping in general, is assumed to have less of an advantage. For traditional 
prototyping, the form freedom of FDM is its key aspect, enabling prototyping of parts 
difficult to achieve without high fixed-cost manufacturing methods, as injection molding 
and rotational molding.  

What both traditional and front-loaded prototyping approaches require—an outcome 
FDM does not unreservedly guarantee—is accuracy. In this context, accuracy does not 
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implicate accurate according to specifications, intentions or drawings, but form and 
function compared with the to-be-manufactured design, to avoid a under or 
overperforming prototype. Traditional prototypes require accuracy on system level to 
rigorously be able to verify their overall performance. This would imply that some parts 
would need to be accurate across a whole specter of properties; e.g., visual, physical, 
dimensional and mechanical, as various tests might target all these aspects. Liker [26] 
disregards rapid prototyping as a viable method for anything that is novel or depending 
on aesthetics or structural integrity, and recommends traditional comprehensive 
prototypes for all those cases. This is based on findings from various industrial companies 
but does not mention to what extent these are preferences or practices. Front-loaded 
prototyping usually has a somewhat narrower scope; hence accuracy would not 
necessarily be needed across many different properties. In this connection, the choice of 
arms depends solely on what would be the easiest way to answer the questions at hand.   

Within each scope of experimental testing, FDM would often have a design space where 
the performance is partially overlapping that of the intended manufacturing method, as 
illustrated in Figure 2-4. Liker argues that this is only existent within the scope of general 
form finding [26]. One could agree that the overlap is probably largest within that scope, 
but certainly there are overlaps within other scopes, as FDM prototypes are regularly 
being used both for structural and visual components. Within the overlapping region, the 
prototype performance and intended design could be taken as similar. However, if the 
optimal/intended design lies outside the viable design for FDM, the prototype would need 
to be redesigned for being manufacturable. It is therefore crucial that the results from any 
prototype experiment is analyzed to identify to which extent the performance is caused 
by the design itself, or the redesign for FDM. Whether the design is constructed with the 
final manufacturing method in mind, or whether this is disregarded, would alter the 
workflow differently, as displayed in Table 2-4 and Figure 2-4. 

Table 2-4: Generate-test workflow through design for (final) manufacturing, and the altered 

workflow caused by primarily designing for FDM.  

Design for final manufacturing method Design for FDM 
1. Generate a thought-to-be optimal design for the 
final manufacturing method 

1. Generate design for FDM and print 

2. Redesign for FDM and print 2. Test 
3. Test 3. Calibrate results and redo cycle if subpar 
4. Calibrate results and redo cycle if subpar 4. Redesign for final manufacturing method 

As with the design in general, due to inaccuracies and knowledge gaps associated with 
the FDM process, the redesign and printing activities are often iterative.  In contrast to 
making production-intent prototypes, where manufacturing issues directly translates to 
design-for-manufacturing aspects, the knowledge generated through iteratively trying to 
build FDM parts does not contribute to increased learning about the design. Iterations 
around the redesign for FDM should therefore be kept at a minimum to reduce wasteful 
activities. 
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Figure 2-4: Design space of intended manufacturing method vs. design space for FDM. Way of 

redesign and calibration of results for A) design for final manufacturing approaches, and B) 

design for FDM approaches.  

Referring to Figure 2-4, efforts to increase the prototyping applicability of FDM could 
target either of the following: 

1. increase the overlap between design for various manufacturing methods and 
design for FDM (increase the capability of FDM); 

2. generate knowledge about the performance of FDM parts for calibration of 
results; 

3. generate tools and knowledge for design/redesign for FDM to decrease the 
performance gap or ease the transition to-and-from FDM prototypes (reduce 
waste). 

These three aims are therefore the focus in this thesis, considering dimensional accuracy 
and structural integrity as key issues for using FDM as a prototype manufacturing method. 
The results in this thesis that targets these, aims as follows (with scope-number in 
parenthesis):  

From Paper 1: 
 knowledge about the dimensional accuracy of FDM threads (#2); 
 tools for design for FDM to reduce the effects of dimensional deviations 

introduced during slicing (#3). 
From Paper 2: 

 knowledge on key relations between process parameters and extrusion accuracy 
for improved print quality (#1). 

From Paper 3: 
 knowledge about the mechanical performance of FDM parts, in terms of 

anisotropic behavior, for calibration of results (#2). 
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From Paper 4 
 knowledge about the mechanical performance of FDM parts for calibration of 

results (#2); 
 results can be used for design for FDM to decrease the performance gap (#3). 

There are numerous cases where neither dimensional accuracy nor structural integrity are 
key performance parameters for prototyping. This could be for loosely specified tolerance 
parts, or where the strength and dimensional accuracy obviously meets the requirements 
or pose no risk if the prototype  fails. It could also be prototypes for communication or 
geometric reasoning, as aid for mental processes. For many such applications, FDM is 
already a viable tool, and the challenge would rather be to integrate it into the 
development process, as this could require training, cultural change and process change 
according to Smith [9].   

2.4. Motivational case from development project – Tightening knobs 
for flood barricades 

In this prototyping case from late-stage development in the project Systemflomvern-2020, 
a prototype of a proposed door-opening flood barricade was to be made. A to-be-
injection-molded knob for tightening the sides of the barricade to a wall was 
manufactured by FDM, where the conceptual layout can be seen in Figure 2-5, with 
detailed pictures of the parts in Figure 2-6. This was done as a part of a small series 
prototype deployment for user testing which involved 14 barricades, and hence 56 
connections.  

 

Figure 2-5: Flood barricade, and conceptual layout of wall connection assembly. Turning the 

knob makes the knob and boss extend while the gasket gets compressed to make a water tight seal.  

 



Prototyping by fused deposition modeling – Contextual factors 
 

20 
 

 

Figure 2-6: Threaded boss and tightening knob respectively. 

The first prototype iteration revealed that, even though the inner diameter of the knob and 
outer diameter of the threaded hub indicated matching thread sections according to ISO-
standard tables, they would not engage. This led to making a small set of knobs with 
altered thread profiles to find the optimal configuration, which took about a day of 
printing and testing. Thereafter, all prototypes were made and some deployed. This 
revealed a second flaw, as some knobs started breaking in the root of the countersink, as 
seen in Figure 2-7. The design was assumed to be strong enough for injection molding, 
and the failure was attributed to the relatively low structural integrity of FDM parts. It 
was, therefore, decided to provide spare parts until the injection molded parts could be 
manufactured. This compromised the development process due to the extra development 
time, production of various thread alternatives and production of spare parts, which can 
be considered waste in this context. However, the most problematic aspect was the 
following uncertainties that were pushed forward in the development process:  

 Is the original thread profile from CAD incorrect, or is it the FDM process that is 
not capable to achieve the correct geometry? 

 Would the injection molded part be strong enough? The knob design could easily 
have been redesigned to reduce the stress in the failed region by improving the 
design. 

The injection molded knobs were luckily found to perform adequately, but the uncertainty 
did impose a risk to the development project. Therefore, having methods for assessing or 
minimizing the uncertainties would have helped to reduce the rework risk for this specific 
development project. 

 

Figure 2-7: The different failed elements of the prototypes. 
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3. Description of the FDM process  
 

Developed by Scott Crump, founder of Stratasys Inc. in the late 1980's, and patented in 
1989 [31], fused deposition modeling is now the most used method of additive 
manufacturing in the world. After this patent expired, the market has become dominated 
by open source machine designs, or designs built on open source concepts. The 
development of these open source designs started in 2004 with the RepRap Project 
by Adrian Bowyer at University of Bath [32], with a goal to create a self-replicating 
machine. After their release of the Darwin 1.0 design and RepRap machine firmware, 
many others have developed their own versions for both commercial or non-commercial 
purposes.  As open source generally does not prohibit commercial application, open 
source designs are very common for commercially available printers.  

FDM printers work by melting and depositing building material, most often supplied as 
thermoplastic filament, using a numerically controlled x-y-z coordinate system. This is 
done in a line-by-line and layer-by-layer fashion, so that what seemingly looks like a 
block of material consist of many individual strands of material compiled into a geometry. 
A conventional printer arrangement, can be seen in Figure 3-1, and an extruder 
arrangement (heating and feeding assembly) in Figure 3-2. 

 

Figure 3-1: X-Y-Z configuration for a Prusa i3 setup, with a gantry controlling, x, y and z-

movements, and bed travel controlling y-movement. 

The lines of molten material deposited from the heating arrangement are squeezed down 
into the bed or workpiece, hence getting a compressed shape, as illustrated in Figure 3-3. 
As these lines are the elementary building blocks of FDM manufactured components, the 
height and width of their cross section are the major process parameters and will hereby 
be referred to as to as layer height and line width. Assuming that these strands of plastic 
have elliptic cross sections, or rectangular with perfectly circular rounded or parabolic 
ends, is convenient for analytical models of e.g. surface roughness [33,34].  While this 
assumption tends to be quite accurate for the exterior, most experimental results from the 
interior show an asymmetric cross section of the deposited lines [35], typically having a 
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planar bottom and top surface, and with smaller radius on the side facing upwards as 
illustrated in Figure 3-4. 

 

 

 

Figure 3-2: General overview of an extruder setup.  

 

Figure 3-3: Cross section of extruded line of material, with line width, w, and layer height, h.  

 

Figure 3-4: A) elliptical and B) rectangular cross sections used for analytical solutions, and C) 

shape generated by a Prusa i3 MK2.5 desktop printers, analyzed using CT scan. 

Commercial desktop FDM printers generally parse machine G-code into mechanical 
movements, where the G-codes are dictated by a computer-aided manufacturing (CAM) 
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software. If tailored for FDM, the software is commonly known as a slicer. The common 
workflow for making FDM parts could be described as follows: 

1. Design part in CAD; 
2. Parse into a STL (stereolithography) file; 
3. Convert the geometry into G-code toolpaths by a slicer; 
4. Print the geometry using an FDM printer. 

 

Figure 3-5: Images of the different results from each step in the path from design to physical part 

using FDM:   1) CAD model, 2) STL file visualization, 3) G-code toolpaths, 4) printed geometry. 

Image from appended Paper 1. 

The STL-file is the conventional input to the slicer software and consists of a point cloud 
connected by planar facets. Any surface in the CAD model that is originally curved 
would, therefore, end up distorted, as illustrated in Figure 3-6, with a magnitude 
depending on the sampling resolution. 

 

Figure 3-6: Illustration of how STL-file format distorts original geometry. 

The slicer samples the STL geometry at different horizontal planes along the vertical axis, 
and generates toolpaths in the following order: 

1. one or more perimeters of the geometry, creating a shell for non-horizontal 
surfaces; 

2. dense horizontal bottom and top surfaces; 
3. volumetric infill in the enclosed volume;  
4. additional external structures for increased printability;  

 support structures for increasing printability of overhangs;   
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 brims for improved bed adhesion.  

The infill is generally a repeating pattern of a cellular structure geometry as honeycomb, 
cubic structures or linear raster. Top and bottom surfaces, which usually are near-dense, 
are filled with linear raster patterns. Normal configurations for these domains are 
illustrated in Figure 3-7. Double supported overhangs, called bridges, is usually defined 
as an own domain. As these domains have different boundary conditions and purpose, 
they should be tuned accordingly, promoting either speed, strength, dimensional accuracy 
or printability.  

 

Figure 3-7: Toolpath visualization for part showing the different printing domains. 

As shown in this chapter, the overall performance of the FDM process used as a 
prototyping method is not merely a result of the capability of the machine and material, 
but also affected by the STL file conversion, slicing procedure and the design of the part, 
as well as additional assisting structures. Changes done to either element can affect the 
performance of the other elements. This increasing uncertainty throughout the process 
from-CAD-to-part is in this thesis named context dependency, as illustrated in  Figure 
3-8. Low context-dependent improvement efforts have less previous elements and are 
therefore usually more generalizable. Improvement efforts in the areas of high context 
dependency should on the other hand take into consideration that the results might vary 
considerably between printer setups, geometries, materials and process parameters. 
According to the theory of Design of Experiments [36]—in addition to including more 
contextual factors—interactions between the different factors is also very common. The 
number of interactions will grow exponentially with the number of factors, and rigorous 
generalization across different materials, printers and process parameters would often 
become difficult.   
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Figure 3-8: Illustration of context dependency for the FDM process. Toolpath generation also 

includes all parameter definitions in the G-code, as speed/acceleration parameters and flow 

calibration.    
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4. Key drivers for dimensional accuracy of FDM 
 

4.1. Relation of dimensional accuracy to prototyping applicability 
Excluding the STL file conversion, the dimensional accuracy of FDM fundamentally 
depends on how accurately one can place lines of molten material, and to which extent 
one can control its cross section in terms of size and shape. The main aspects can be 
broken down into the following 5 categories, with examples given in Figure 4-1: 

1. layer sampling; 
2. printing fundament (the structure of which the molten material is extruded onto);  
3. accuracy of machine positioning and travel; 
4. accuracy of material extrusion; 
5. residual strain (due to thermal expansion/contraction of material). 

 

Figure 4-1: Examples of defects due to 1) layer sampling (reproduced from appended Paper1, 2) 

lack of printing fundament (reproduced from [37]), 3) inaccuracies during positioning 

(reproduced from [38]), 4) inaccuracies during extrusion, and 5) residual strain. 

This thesis’ work on dimensional accuracy is aimed at exploring 1) the defects due to 
layer sampling and 4) accuracy of material extrusion. Both categories were found to be 
key issues during the prototyping activities encountered. The former is one of the main 
reasons for the incompatible threads in the motivational example, and was targeted by 
developing a method that would be equivalent to a 'digital thread gauge', as seen in Figure 
4-2. Details and results from this research are provided in Chapter 6.1., and appended 
Paper 1.  

 

Figure 4-2: Comparison of ideal and measured (photographed) thread silhouette, from Paper 1 
in Part 2 of this thesis. 
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Inaccuracy of material extrusion was, through our prototyping activities, found to create 
difficulties for press fits and other applications requiring high dimensional accuracy, as 
sharp corners were often disfigured as seen in Figure 4-3. The most popular FDM-system 
firmware, Marlin [39], had recently incorporated a method for compensation of such 
defects, while the theoretical basis for this method was lacking in literature, and actual 
performance was uncertain. This research is provided in Chapter 6.2. and appended Paper 
2.  

 

Figure 4-3: Disfigured corner due to inaccuracy during material extrusion, also called corner 
blob. 

As it is not trivial to what extent each category of printing defects affects the dimensional 
accuracy, nor how they are reduced or solved, this chapter will go through the foundation 
of each of these aspects and present existing research and practices.  At last it will sum 
up the challenges for dimensional accuracy of the FDM process and explain why material 
extrusion and layer sampling are key aspects in that regard. Questions posed by these 
inaccuracies from a redesign-for-FDM perspective would, for instance, be:  

 What redesign is needed to achieve sufficient accuracy and printability? 
 What is the optimal build orientation? 
 What are the optimal process parameters? 

While from a calibration-of-results perspective, the questions would be e.g.:  

 Is the result representative for the proposed manufacturing method in terms of 
dimensional accuracy? 

 If not representative, how far apart is the realized performance from desired 
performance? 

4.2. Layer height and sampling 
As with other layer-by-layer approaches, the resolution of a part is highly dependent on 
layer height. Any vertical surface would display a repeated pattern of the lines of material, 
and inclined surface would result in a stepped profile, and a horizontal or vertical surface 
would display regular grooves, as illustrated in Figure 4-4.  
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Figure 4-4: Approximate surface profile for A) inclined surfaces, B) vertical surfaces and C) 
horizontal surfaces. 

The roughness of FDM components have been investigated by different sources 
[33,34,40–43]. Ahn et al. [40] and Pandey et al. [34] have developed analytic solutions 
for the surface roughness based on elliptic and parabolic cross sections, respectively, 
which is found to correspond well with experimental results across a wide range of 
inclinations. The circular-ends assumption, as elaborated on in appended Paper 2, is the 
most used by slicers to calculate the volumetric flow for a certain line width and height. 
An important aspect from the slicing procedure is that most slicers only apply mid layer 
sampling, where the geometry is only sampled in the middle of each discrete slice of the 
part along the height direction. Using this approach, there is a high risk for any geometry 
lower in height than the layer height would be lost in the sampling. An example from 
appended Paper 1, of how the geometry is sampled with different layer heights, is shown 
in Figure 4-5. Other slicing procedures have been proposed [44], but is not included in 
common slicing firmware. 
 

 

Figure 4-5: Discrete sampling of a M10x1.5 thread profile with layer heights of approximately 

a) 0.15 mm, b) 0.19 mm and c) 0.30mm. Vertical direction is shown horizontally for convenience. 

Blue lines show prescribed geometry by CAD, while the red line shows the discrete sampling. 

Dimensions in mm. Image from appended Paper 1. 
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The resulting shape of the extruded plastic is a difficult-to-control variable, as it is 
dependent on the rheological properties combined with the external and internal forces of 
the melt, after it leaves the nozzle. Due to the mid layer sampling combined with the 
normal cross section of the extruded filament lines, the resulting outline of an inclined or 
overhanging geometry fluctuates between being on the inside and on the outside of the 
prescribed geometry. This must therefore be considered when estimating tolerances for 
FDM parts with surfaces that are neither vertical or horizontal, since it creates an offset 
between the part maxima and the prescribed CAD geometry, as seen in Figure 4-6. The 
magnitude and implications of this offset are not explored prior to this project and is found 
to be significant for fine-tolerance applications, in appended Paper 1.  
 

 
Figure 4-6: Difference between CAD outline, deposited plastic and slicer visualization. Image 

from Paper 1.  

The most obvious way of tackling the challenges posed by the layer-by-layer 
manufacturing method is by reducing the layer height. As layer height and lead time are 
inversely related, such a strategy obviously would come at a price of increased lead time. 
However, these two methods are often introduced to minimize impact on dimensional 
accuracy: 
  

 reducing layer height only in the areas of fine visual details or slightly inclined 
surfaces; 

 printing outlines, often with fine tolerance requirements, at a lower layer height 
than infill. 

 
Another method shown by Walter [45] is intra-layer variable layer height. With this 
method, curved or inclining surfaces could be made without solely adhering to the 
uniform layer height approach, but rather adjusting the layer height within each layer. 
This has not yet been implemented in any CAM software and will therefore require post 
processing of G-codes. However, the results look very promising and will probably be 
implemented in slicers in the future, which would expand the possible geometries 
printable with FDM. 
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Figure 4-7: Intra-layer variable layer height, limiting the stepped surface, and hence improving 

the surface finish and dimensional accuracy of an airfoil profile, from Walter [45].   

What is lacking in knowledge to fully utilize the potential of these variable height 
approaches, is how the they affect the other aspects influencing dimensional accuracy 
(interactions). Examples considered in this thesis is the relation between layer height and 
advance parameters (in the appended Paper 2), and deflection of the structure (in next 
chapter and briefly treated in the appended Paper 1), which affects the requirements for 
the structure on which printing is done.  

4.3. Printing fundament and support structures 
A significant difference that might compromise the accuracy of FDM parts compared 
with other additive technologies, are the forces involved. Whereas other methods require 
only jetting of small drops of binder, melting and solidifying of powder or curing of UV-
reactive resin, FDM requires pressurizing molten plastic to enable extruding it through a 
small orifice before shaping it into the desired shape. This sets requirements for the 
geometry one extrudes upon, where the preferred is extruding onto a perfectly flat and 
infinitely stiff surface, this being the bed or the workpiece. A flexible surface would be 
pushed down, resulting the line of printed material to be higher and slimmer than 
prescribed.  

A common region where flexible fundaments play a role is when printing overhangs, 
where the last portion on the edge of the geometry is weak and susceptible to bending. 
On such overhangs, one is also required to print with only partially having a fundament 
to deposit the material onto, which creates a difficult-to-control shape as seen in Figure 
4-8 [42]. The same would be true for bridge-type configurations, as these are free hanging 
lines of building material supported on two sides, or horizontal overhangs. Due to the lack 
of a fundament to squeeze material onto, the free hanging lines of building material will 
not exhibit the same compressed cross section as those segments extruded against a solid 
fundament. Such problems can often be avoided by changing the orientation of the part 
on the print bed and eliminating overhangs and bridges. Xu et al. [46] have investigated 
methods of analysis for finding impact of printing orientation on the amount of support 
structure and accuracy. As will be discussed later in the thesis, the printing orientation 
also affects mechanical properties, which needs to be considered when manufacturing 
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parts by FDM. The most common alternative approach is building support structures to 
act as a fundament, as seen in Figure 4-9. 
 

 
Figure 4-8: Defects due to deflection of edges. Illustration from the appended Paper 3. 

 

 
Figure 4-9: Support structure allowing for printing of a split-end rod. 

Good design practices for additive manufacturing, in general, aim to eliminate such 
support structures as it adds time and waste material, as well as often compromises the 
surface finish of the part [47,48]. However, as one usually prototype designs made for 
other types of manufacturing, altering the design to optimize for FDM could be non-
desirable. Consequently, for prototyping purposes, there is a significant upside in 
investigating methods for generating and optimizing such structures, as this might help 
developers get closer to the ideal prototype form and function.  
 

4.4. Accuracy during positioning and travel 
The positional resolution of FDM printers is mainly dependent on the hardware and 
electronics used in the machine setup. Desktop FDM printers mostly use stepper motors 
with a fixed minimum rotational resolution, which combined with other hardware as 
pulleys and gears, determine the resolution of the positioning. There are; however, 
systemic stationary errors that either require fine tuning of the setup, replacement of 
components, or compensation through firmware. This could be e.g. inaccuracy of belts, 
pulleys, ball-screws, alignment of axes, bed shape, shape of feed shafts, stepper steps-to-
distance conversion, backlash in gears etc.  

Within the area of dynamic behavior of digitally-controlled machines, there are numerous 
methods for stabilizing machine dynamics. Many of these are based on methods applied 
for general numerically controlled machinery, as CNC mills. A drawback directly related 
to the workflow for desktop FDM that makes trajectory planning difficult, is the 
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conversion of geometry into the tessellated STL file format. This implies that all moves 
within the G-code are linear, and for curved surfaces they are often very short. 
Conventional CAM software for, e.g., milling or turning use either direct CAD models 
from the modeling software, or the ISO-standard file format STEP. This allows for 
extracting curved surfaces using the more accurate NURBS (non-uniform rationale b-
spline) geometric formulation [49]. In addition to being more accurate, using such curves 
also eases dynamic stabilization as one applies longer defined line segments for each G-
code command, rather than splitting it up into many linear segments. No open source 
slicer has support for converting step files into NURBS segments. However, the most 
used printer firmware, Marlin, has incorporated functions for following circular arcs and 
a somewhat constrained subset of NURBS called b-splines (basis splines) [50]. An 
example where trajectory planning is used for FDM without having to define long 
segments is shown by Duan et al. [51], whose tuning method is capable of improving the 
printing results for a poorly constructed desktop FDM machine.  This method first 
analyzes the system response to dynamic movements and then finds the system’s 
frequency response function and uses this information for error compensation during 
printing. Results with and without this tracking control can be seen in Figure 4-10. 
 

 
Figure 4-10: Effects of using a dynamic tracking control (filtered B-spline) to compensate for 

unwanted dynamic effects. Image reproduced from [52]. 

As desktop FDM machines use stepper motors for positioning, there is normally no 
positional feedback, and limits the possible tools for improving machine dynamics. Using 
motors with positional feedback could also have prevented the skewing seen from the 
baseline sample in Figure 4-10 (displacing the geometry to the left), without incorporating 
tracking control of any kind. 
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4.5. Extrusion accuracy 
As with layer height being the main driver for vertical resolution, the nozzle diameter is 
the main parameter constraining in-printing-plane resolution. As it is difficult to constrain 
the material flow to only partially cover the nozzle orifice, it would be nearly impossible 
to extrude a line of material that is slimmer than the diameter of the nozzle, and at the 
same time achieve a decent bonding with the previous layer (it would be possible if the 
line of material should not bond to the previous layer, as it could be stretched in free air). 
The minimum linewidth achievable with a circular nozzle, while ensuring bonding with 
the previous layer, is slightly wider than the diameter of the nozzle, due to a phenomenon 
of polymer rheology called ‘die swelling’. This phenomenon makes the cross section of 
the extruded material expand after leaving the nozzle [53,54], as seen in Figure 4-11. 
Therefore, these two aspects limit the minimum wall thicknesses and hence level of detail 
achievable using FDM.  

 
Figure 4-11: Illustration of die swelling. Figure reproduced from Turner et al.[53]. 

The nozzle diameter also affects how thick layers one can print, since achieving a taller 
layer height than nozzle diameter plus eventual die swelling is also found difficult. Many 
manufacturers of FDM printers therefore recommends a layer height of maximum 80% 
of the nozzle diameter. As layer height and nozzle size are directly related, and the relation 
between layer height and time is directly proportional to the print time, printing with 
larger nozzles at the expense of detail is a common strategy for lowering printing time. 
Some printers therefore have dual extruders with varying nozzle sizes to achieve both 
accuracy and speed. Printing with larger nozzle and hence larger line widths also 
increases overall strength for the same print time, as this results in thicker walls and higher 
relative density. Another constraint imposed by the diameter is how it affects the external 
corner radii. From an analytical perspective, the theoretical minimum possible radius 
would be the same as the nozzle radius. 
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Figure 4-12: Illustration of corner geometry altering due to nozzle diameter.   

A less pronounced constraint affecting extrusion resolution, is the chosen components for 
driving material into the extruder. Most often, this mechanism consists of a stepper motor 
coupled to a hobbed drive wheel, which grips the filament using a pinch mechanism. The 
relation between the rotational resolution and resolution of raw material extrusion can be 
found through (using relations from Bellini and Güçeri [55]):  

 
where  is the resolution of extruded raw material in terms of raw filament length,  
is the angular resolution of the stepper,  is the radius of the drive wheel and g is the 
gearing ratio in case of a geared connection. Due to slippage and deformation of the raw 
filament, this is however only approximate. Bellini and Güçeri found a steady state error 
of approximately 12% less material extruded than requested on a Stratasys printer using 
ABS [55]. Go et al. [56] show how this slippage increases with speed and being a major 
limit to the printing speed. Tuning this rotation-to-volume parameter is therefore an 
important aspect of setting up the printer. Any deviation in roundness of the drive wheel 
or gear would also introduce extrusion errors. Additional noise could stem from the raw-
material filament tolerances or moist content. High water content in the filament would 
result in gaseous bubbles inside the melt, expanding the filament, which would result in 
higher material volume in some areas, or material seeping out of the nozzle during travel 
moves.  

Compared with dynamic control of positioning, which is well established within the field 
of numerical controlled machinery, extrusion dynamics for FDM printing is a less 
explored field of research. A challenge identified through experimental work is under-
extrusion (extruding less material than requested) while accelerating and over-extrusion 
(extruding more material than requested) when deaccelerating, as seen in Figure 4-13. 
These effects would be most prominent at corners, and at stop and start positions of 
extrusion as seen Figure 4-14 
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Figure 4-13: Typical printed shape while print acceleration/deacceleration. 1 – uniform extrusion 

at consistent slow speed, 2 – defects start during acceleration, 3 – returning to uniform extrusion 

at consistent high speed, 4 – defects start during deacceleration, and 5 – returning to uniform 

extrusion at slow speed. Reproduced from appended Paper 2. 

 
Figure 4-14: Picture of A) defects due to start and stop of extrusion and B) due to 

acceleration/deacceleration. Parts are printed using a large scale FDM printer from 3DPlatform.  

Pictures in B) are reproduced from Paper 2. 

These defects have been investigated by Bellini et al. [55], seeing it as a heat transfer 
problem. However, the practitioner’s community treats this as a result from deformation 
of filament or other parts between the nozzle and drive wheel, caused by the forces 
required to extrude material through the nozzle. Many FDM firmwares attempt to 
compensate for these effects through the approaches made by Roberts [57] and Kubicek 
[58]. The latter approach assumes that the deformation is proportional to the volume rate 
during extrusion, and is often implemented as parameters called advance, linear advance 
or pressure advance. The theory behind these algorithms is only justified in terms of quite 
coarse estimates on pressure loss in the nozzle due to friction and acceleration of material. 
This thesis contribution within this aspect is listed in the appended Paper 2, and is a 
compilation of historic aspects, theoretical and experimental investigation of such 
algorithms. An illustration of this algorithms’ performance during acceleration and 
deacceleration of the printer is shown in Figure 4-15.  
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Figure 4-15: Extrusion width consistency during acceleration deacceleration with and without 
advance algorithms for compensation of pressure variations. Data from appended Paper 2. 

4.6. Residual stress due to thermal shrinkage 
Residual stresses and strains in fused deposition modeling are mostly known for reducing 
accuracy by warping the geometry to such an extent that it dismounts from the build plate. 
In addition, residual stresses could also warp thin shelled, curved parts in the horizontal 
plane. As such parts have no internal structure to keep dimensional stability, they could 
easily deform due to thermal shrinkage, as previously illustrated in Figure 4-1.  

Residual stresses are present in most methods of manufacturing. Especially additive and 
welding processes where one deposits high-temperature molten material on a relatively 
cold, solid material. Both the phase shift from molten to solid form, and the cooling 
contributes to thermal shrinkage, and any new string of material added will have some 
degree of tension after cooling. For every new layer added, the shear forces on the 
previous layers increase, and the resulting gradient of residual stress would seek 
equilibrium and thereby curve the part. The main problem for dimensional accuracy is 
therefore not the residual stress itself, but relaxation of residual stress, as this is what 
alters the geometry. 

Residual strains and stresses in FDM components have been investigated and measured 
by various researchers [59–66]. Davis et al. [63] investigate through-thickness 
measurements of strain during printing of FDM parts. Furthermore, analytic solutions and 
numerical simulations on residual strains can be found from Wang et al. and Xia et al. 
[64,65]. Xinhua et al. [66] investigate warping of thin-plated parts in a physical 
experiment simulating a fully detached bed.   

There are mainly three methods of reducing the deformations caused by residual stress: 
(1) improving the adhesion to the bed and hence reducing the ability for the structure to 
relax/curve; (2) reducing the difference between the hot and cold layers employing either 
a heated build chamber or a heated bed; or (3) predict the deformations based on process 
parameters and thereby compensate for them. However, (3) is rarely done due to the 
following: 

o uncertain material structure (will be further discussed in Chapter 5); 
o uncertain temperature-to-stiffness relation;  
o uncertain temperature-to-coefficient of thermal expansion relation;   
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o complex heat transfer problem (one-to-three sources of heat, and dissipation by 
radiation and convection to air through a domain of varying size and shape).  

As a result, improving bed adhesion and reducing thermally induced stresses by 
increasing the workpiece temperature are the most common methods for coping with the 
deformations caused by residual stress.  

Most printers nowadays include a heated bed, which normally can achieve a temperature 
of 60-110° Celsius. However, the effect of heated beds diminish with increasing height 
of the part, as the heat dissipates to the surrounding air. To cope with this, industrial FDM 
printers from Stratasys Inc. have an additional heated build chamber, achieving 
temperatures in the range of 70 to 90° Celsius for the whole part. Stratasys Inc.  hold a 
key patent [67] which limits its application on low-cost FDM systems. This patent will 
expire summer 2019, thereby allowing for industry-wide adoption of this technique.  

Improving bed adhesion is a frequently discussed topic, especially among practitioners. 
Hairspray, painters’ tape, glue stick, polyimide (PI) or polyetherimide (PEI) covered print 
beds all are common methods of improving adhesion. Some research on the topic does 
exist, such as Spoerk et al. [68], who investigate the effect of bed temperature and effect 
of using glass or PI on the adhesive forces while printing with PLA and ABS. They find 
that a high bed temperature plays a key role for both materials, while bed material is only 
crucial for ABS where PI beds exhibit much better adhesion. From practical experience, 
printing with a small flange as seen in Figure 3-7, minimize the problems with warping 
prints for some materials. It must also be noted that for some geometries and materials, 
the difficulty of removing the print from the bed is a larger challenge than making the 
workpiece stick to the bed.  

4.7. Key challenges of dimensional accuracy for further investigation 
The key challenges and current state of the art identified and presented in prior research, 
together with the identified needs within each subject can be summarized as follows:   

1. Layer sampling: The stepped construction of FDM parts is inherent to the nature 
of the process, constrained by layer height. Layer sampling is currently 
implemented as mid-layer sampling only. 

Current state of the art: Recent methods use variable layer heights (both within 
each layer and between layers) for increased accuracy in key areas. 

Need 1: Implementation of intra-layer varying layer height in CAM software.  

Need 2: Prediction of the related inaccuracies a priori, and hence predict the areas 
in need of lowered layer height. 

2. Printing fundament stiffness and geometry: Lack of, or insufficient stiffness of 
substrate to deposit the material onto, is reducing the accuracy of parts.  

Current state of the art: Partially solved by printing support structures. This does 
however increase the processing time and material consumption, and at the same 
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time degrade the surface quality. Designing and orientating the parts to minimize 
overhangs and bridges will also reduce defects.   

Need: Prediction of the defects a priori, and hence be able to estimate the 
requirements for support.  

3. Accuracy of machine positioning and travel: Static and dynamic effects during 
machine movements compromise the dimensional accuracy. This is constrained 
by machine positioning resolution and construction, as well as the linear 
representation of geometry (STL file) used by the slicer software. 

Current state of the art: Dynamic effects are partially solved by using techniques 
from CNC trajectory planning. 

Need 3.1: Implementation of trajectory planning techniques in openly available 
firmware.  

Need 3.2: Implementation of STEP file format for geometry representation, 
developing CAM software and printer firmware handling these formats and create 
non-straight segments (B-splines or NURBS).  

4. Accuracy of material extrusion: The resolution of material extrusion is 
constrained by nozzle radius, die swelling, and machine construction. Dynamic 
effects create defects during printer movements.  
 
Current state of the art: Pressure advance algorithms are used to partially 
compensate for dynamic effects.  

Need 4: Finding the behavior of these algorithms, and potential interactions with 
other parameters. 

5. Residual stress: The fundamental characteristic of the process, melting and 
solidifying strings of material segment by segment, creates residual stresses, 
which warp the part geometry. 

Current state of the art: Maintaining adhesion between the workpiece and the bed 
is essential for reducing deformations. This can be enhanced by using various bed 
materials or coatings. Residual strain can also be reduced by using heated beds 
and heated build chambers.  

Need 5.1: Identification and compensation of deformations a priori.  

Need 5.2: Improvement bed adhesion for certain materials (very material 
dependent) 

These can again conveniently be split into implementation and research tasks as seen in 
Table 4-1.  
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Table 4-1: Implementation and research tasks for improving the prototyping applicability of fused 

deposition modelling.  

Implementation tasks  Research tasks 
1.1 – Implementation of intra-layer varying layer 
height in CAM software 

1.2 – Prediction and compensation of 
dimensional inaccuracies due to layer sampling  

3.1 – Implementation of improved trajectory 
planning in FDM firmware 

2 – Prediction and compensation of defects due 
to insufficient printing fundament 

3.2 – Implementation of non-linear geometry in 
CAM software and FDM firmware 

4 – Investigate behavior of pressure advance 
algorithms and dependency on other process 
parameters.   

 5.1 – Prediction and compensation of 
deformations due to residual strain 

 5.2 – Find methods and techniques to improve 
bed adhesion 

 

Research Tasks 2 and 5.1 are highly complex problems that would need advances of the 
knowledge on other areas such as thermal and mechanical properties of FDM structures. 
Some of these challenges will be targeted in Chapter 5, but not enough to predict residual 
stresses or deflections while printing. The problem in Research Task 5.2 is common, but 
most combinations of structures and materials can be printed without large difficulties 
and is therefore omitted in this thesis. As briefly mentioned, Research Tasks 1.2. and 4 
were therefore chosen for further investigation in this thesis, provided in Paper 1 and 2.   
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5. Structural integrity of FDM parts 
 

5.1. The complexity of structural integrity of FDM parts  
The integrity of a structure, its ability to carry loads, is dependent on two essential aspects; 
1) the geometry of the structure, and 2) the material characteristics. In contrast to 
dimensional accuracy, which depends heavily on the capability of the manufacturing 
method's capability to produce external surfaces, structural integrity relies on the 
capability of also manufacturing internal, load-bearing members. In the case of structural 
integrity, the term mesostructure is essential. Mesostructure is the geometry with a scale 
between the macroscale (global geometry) and the microscale, as illustrated in Figure 5-1, 
and for FDM specifically, this would mostly refer to the shape and size of the infill.  For 
conventional FDM printer setups, the mesoscale range would both cover the minimum 
and maximum size of geometries possible to deposit. The layer height would normally be 
in the range of 0.05 to 0.80mm, while the line width would normally be in the range of 
0.2 to 1.0mm. Hence, smaller cross sections than 0.05 × 0.2mm would rarely be possible 
to deposit without non-standard modifications to the hardware. On the other hand, larger 
cross sections than 0.8 × 1.0mm would not be possible without stacking strings of 
material, hence introducing voids/porosities into the structure as shown earlier in Figure 
3-4. 

 

Figure 5-1: Quantum to macro scale structure dimensions. Boundaries vary slightly from 

source to source.    

The behavior of a structure at microscale and lower is often pooled into the broad term 
material behavior, while in the case of including the behavior of the mesoscale structure 
this would often be rephrased into cellular material behavior. The difference between the 
behavior of the raw material (assessed through tensile testing of filament or injection 
molded dog-bones) and the cellular material behavior of FDM manufactured parts can be 
significant, according to Ahn et al. [40]. The large difference between assessing structural 
integrity of FDM parts compared to ‘ideal parts’, which are often considered using hand 
calculations or FEA, is illustrated in Figure 5-2. Uncertainty in mechanical performance 
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of FDM parts complicates using FDM for applications where strength and stiffness 
parameters are crucial. This implies that, when testing the performance of prototypes, 
using material stiffness and strength parameters to assess the difference between the 
prototype and its’ to-be-manufactured counterpart would be difficult. 

 

Figure 5-2: Illustration of the complexity of the structural capacity of FDM parts compared to 

ideal parts. 

Mechanical performance of FDM parts is on high-end of contextual dependency, as 
illustrated in Figure 5-3. Finding any predictive method to go from process parameters, 
bulk material constants, and toolpaths, to stiffness and strength is therefore highly 
difficult. That is why most research on FDM parts strength ends up as very isolated 
experimental cases of mechanical performance-to-process parameter relations, only 
applicable for one geometry, one printer, one material and a small variation in toolpaths 
and process parameters. Before many of the crucial FDM patents expired in the late 
2000s, finding generalizable knowledge through experimental data was easier. In this era, 
Stratasys Inc. was the only supplier of machines, using a narrow range of materials, also 
providing proprietary slicers with a very limited range of infill geometries and process 
parameters. This limited the degrees of freedom substantially and ensured low variation 
between different machines and prints. With the wide range of printer manufacturers, 
slicing procedures, and the poor reliability and repeatability of these printers, such results 
have now low value in terms of generalization. Modern slicers also have a higher number 
of control parameters, to allow for tuning and perfecting the prints for each machine and 
material setup.   

A more generalizable approach than to predict strength and stiffness directly from 
machine input would be to: 1) find the relation between the process parameters and the 
mesostructured; and 2) try to assess mechanical performance parameters based on 
mesostructure and material data, as illustrated in Figure 5-3. By using such an approach, 
one could ultimately quantify to what extent the inferior structural integrity of FDM parts 
is caused by the mesostructure or other effects.   
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Figure 5-3: The classical approach (Approach A), and the more generalizable approach 

(Approach B) for research on structural integrity of FDM. 

This thesis’ research on structural integrity is focused towards such a two-step approach, 
where the second step is investigated in appended Paper 3, introducing statistical elements 
to predict failure loads/anisotropy based on the mesostructure as seen in Figure 5-4.  

 

Figure 5-4: Image of the transverse cross section of a dogbone specimen with load direction 
indication, analyzed for the purpose of prediction of failure loads. Details provided in appended 
Paper 3. 

Appended Paper 4 goes more into detail on the relation between the input parameters and 
the mesostructure, and contrary to research Paper 3 which use 2D-data, explores 3D-data 
of the geometry using results from X-ray computed tomography (CT). Through-thickness 
averages of relative density for a small cubic specimen from this research, is illustrated 
in Figure 5-5.  
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Figure 5-5: Through thickness averages of relative density (each value represents the average 
throughout the specimen normal to the plane), together with the toolpaths. Toolpaths start in 
the leftmost corner. Adapted from appended Paper 4. 

5.2. Existing research on structural integrity of fused deposition 
modeling in brief 
The mechanical performance of FDM parts has been widely discussed in the FDM 
literature since the commercialization of the method. Common for this research is that it 
often tries to achieve as-strong-as-possible, near-dense parts, and often compares this 
with bulk material properties. This touches upon a crucial element of FDM parts’ 
mechanical performance; the performance of the cellular material made by the process is 
inferior to the bulk material in terms of strength and stiffness [69–72]. Utilizing FDM to 
prototype designs supposed to be made by the same material, or calibrated by comparing 
bulk material stiffness or strength parameters, would therefore give results on the 
conservative side if high strength and stiffness are desirable. Although a slightly 
conservative prototype performance is often better than non-conservative; overly 
underperforming prototype performance could result in non-optimal designs. Therefore, 
optimizing the process to achieve the highest strength and stiffness possible—and/or 
finding estimates of how conservative the performance is—would increase the final part’s 
performance by eliminating material waste. 

Parts made by FDM are anisotropic in terms of strength and stiffness, and researchers 
have generally explored this anisotropy as a result of toolpath alignments, infill and build 
orientations. Coogan and Kazmer have investigated tensile strength of specimens cut out 
from shell-like structures [69], while most others are investigating as-printed near-dense 
(relative density higher than 85%) infilled specimens [70–74]. For specimens with some 
type of infill, the general findings are that the ultimate tensile strength is higher when the 
printing direction of the infill is in the direction of loading, while there is substantially 
lower strength for transverse or vertical loading. Another important aspect is that the 
planes of failure for these different load cases are perpendicular to the direction of 
loading, running along the boundaries of the fused lines of material [70,71], as illustrated 
in Figure 5-6. The cross section and material properties along these interfaces are 
therefore crucial for deciding the overall load-carrying capacity of the specimens. In this 
thesis’ research on structural integrity, the focus has been placed on investigating the 
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voids that are formed in the intersection between four adjacent lines of material, 
attempting to assess to what extent the anisotropic behavior can be explained the size of 
these. 

 

Figure 5-6: A) Virgin linearly printed sample B) Failure pattern for longitudinal loading, C) 

failure pattern for transverse loading running along the voids in the vertical direction, and D) 

failure pattern from vertical loading running along the voids in the horizontal direction. 

For high relative-density specimens, common cellular configurations of the infill, as e.g. 
honeycomb, where the infill is printed in multiple directions in each layer is difficult and 
therefore seldom applied. For such specimens the most used infill configuration is called 
linear raster. In such configurations, the infill within each layer is unidirectional and 
equally spaced, while the direction can be altered from layer to layer. Drawing the 
analogy from composite manufacturing, the configuration of infill direction would be 
synonymous to the term lay-up, most often described by stating the raster angle relative 
to the dominant loading direction. An example could be the configuration [0̊, 90̊, 45̊, -
45]̊n, which denotes a repeating pattern of longitudinal, transverse and both diagonal 
directions as illustrated in Figure 5-7. This thesis’ contributions on structural integrity, 
provided in appended Paper 3 and 4, also investigate such high-relative-density and 
uniaxial infill configurations. This, because it generates the least complex structure, and 
to be in-line with prior research.   

 

Figure 5-7: 45° (diagonal), 90° (transverse) and 0° (longitudinal) raster patterns. 
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The similarity of linearly rastered FDM structures to laminated fiber-polymer composites 
has been explored by multiple researchers, especially for elastic properties and strength 
assessments. The composite laminate specific Tsai-Wu failure criterion [75] is found 
capable of predicting strength properties of alternating raster FDM structures according 
to Ahn et al. [76] and Rodriguez et al. [74].  However, these methods are in general based 
on extrapolation of uniaxial and shear tests of unidirectionally printed specimens into 
more complex load cases and lay-ups, hence requiring several experimental tests to be 
performed. These tests, therefore, have a limited value in terms of generalization as they 
would need to be performed for each printer/material setup.   

Casavola et al. [71] and Li et al. [77] have predicted elastic properties in non-
unidirectional layups based on unidirectional layer properties, using methods from 
classical laminate theory. In these methods, unidirectional layer properties can be based 
on either experimental tests, or analytical models or representative volume element (RVE) 
models [71,72,77], where experimental tests are superior.  

The reason why analytical predictive methods of strength and stiffness based on input 
material and process parameters is not well established for FDM, can be attributed to the 
following:  

 lack of an accurate model of the mesostructure;  
 difficult to assess the local mechanical properties of the bond between the adjacent 

lines of material, due to a complex temperature history;  
 lack of knowledge on and control of residual stress (which would need knowledge 

and control over the two former aspects). 

Some work on residual stress is provided in the previous chapter, while no research 
connects residual stress to mechanical performance for FDM parts.  

Li et al. [77] developed an analytical method for assessing the mesostructure of 
unidirectionally-printed specimens based on analysis of cross section, which resulted in 
relatively high discrepancies compared to experimental data. Li et al. [78] and 
Bellehumeur et al. [79] explored using polymer sintering models for assessing the 
mesostructure. Sun et al. [80] explored the applicability of these models for larger 
structures, and found them incapable of predicting the bonding area between extruded 
segments. It is thus concluded that there is a lack of suitable models for assessing the 
mesostructure, based on toolpaths and other process parameters for relatively dense FDM 
parts.   

Coogan and Kazmer [69] explored the mechanical properties of bonds between adjacent 
lines in PLA based on microscopy pictures, as shown in Figure 5-8. They found that the 
area of contact could explain most of the variation in load-carrying capacity of specimens 
made from different manufacturing conditions. They also conclude that secondary 
parameters are considerable, though, including interdiffusion of polymer chains, fracture 
mechanics and non-homogenous material due to manufacturing method. 
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Figure 5-8: Illustration of mesostructure variations due to increased layer height, reproduced 
from Coogan and Kazmer [69]. 

What is found lacking in existing experimental research on geometry of FDM parts is 
statistical or through-thickness aspects. Most assessments of geometry of the 
mesostructure are based on very few measurements throughout the specimen. Here 
examples are given as Sun et al. [81] and single measurements in Coogan and Kazmer 
[69], using microscopy images. 

5.3. Key challenges related to structural integrity for further 
investigation 

Modelling of strength and stiffness directly from input parameters is an established field 
of research, yet mostly based on non-generalizable experimental results, where the 
dominant methods are Tsai-Wu and Classical Laminate theory. Deterministic and 
generalizable approaches remain to be established.  As stated, this thesis instead focuses 
on a two-step approach. The first step would be to assess the geometry of the 
mesostructure based on input parameters, for then to combine this with material data and 
relate this to structural integrity. Deterministic models for assessing the geometry of the 
mesostructure of printed specimens do exist, but are as mentioned, found to have poor 
performance. To elaborate on such an approach without requiring deterministic analytical 
models for geometry assessment, this thesis investigates the behavior of the structure 
based on experimental measurements of the geometry, as illustrated in Figure 5-9.  
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Figure 5-9: Modelling domain of Tsai-Wu [76], classical laminate theory (CLT)[77], geometry 

assessments as sintering models [78,79]  and cross section analysis [77], and the modelling 

domain of this thesis scope. 

As previous work describing structural behavior based on assessments of the geometry 
seems to lack both a statistical aspect and through-thickness overview of the structure, 
this thesis will target these specifically. This is done through the following work:  

 investigation of the influence of the statistical weakest link effect for assessing the 
anisotropy of tensile specimens and the effect on strength, using data from 
microscopy (provided in the appended Paper 3);  

 assessment the actual through-thickness geometry of the mesostructure using 
computed tomography, and investigate the elastic properties and strain energy 
density distributions based on the found geometry (discussed in the appended 
Paper 4).  
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6. Article overview 
6.1. Paper 1 
Tronvoll SA, Elverum CW, Welo T. Dimensional accuracy of threads 
manufactured by fused deposition modeling.  

Status: Published in Procedia Manufacturing 2018; 26:763–73. 
DOI:10.1016/j.promfg.2018.07.088. 

Research objective 1: Develop a method for analyzing the dimensional accuracy of 
threads.  

Research objective 2: Investigate the root causes, and process variables contributing to 
the defects of fused deposition modeled threads. 

Brief description: FDM is in some cases capable to generate dimensionally correct, or 
dimensionally sufficient prototypes, but certain design elements have a tendency to 
degrade the results. Large defects are often seen in geometries featuring small details, 
large overhangs or inclined planes. Threads, as in machine screws, are common 
mechanical elements which often suffer from flaws when replicated with FDM. This 
paper presents a developed method for estimating dimensional accuracy of threaded 
parts. Moreover, it investigates root causes and effects of dimensional flaws on threaded 
parts, finding that they can be attributed to the layer-by-layer manufacturing method, and 
the geometry sampling done by the CAM software.  

Main results 
 Mid layer sampling has a considerable effect on the dimensional accuracy and 

hence functional performance of FDM manufactured threads. It is identified as 
the dominant source of errors in the specific case investigated. The influence of 
mid-layer sampling is illustrated in Figure 6-1. 

 Inductively, the findings can be expanded to dimensional accuracy of any 
overhanging or inclined surfaces manufactured by FDM. 

 Reduction of layer height seems to reduce the impact of mid-layer sampling. 
 The effect of mid-layer sampling can be reduced by prescribing a thread profile 

that is narrower than what would be standard, for parts made with low layer height 
to thread pitch values.  
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Figure 6-1: Various performance measures regression results of thread accuracy together with 
the analytical model. Details in Paper 1. 

Relation to research questions 

In the case considered, research question 1, "What are the main drivers/factors 
influencing dimensional inaccuracy of FDM parts?", can be answered as follows:  

Errors related to mid-layer sampling are significant factors for the dimensional accuracy 
in FDM manufactured threads, while aspects such as inadequate printing fundament due 
to printing overhanging structures, are secondary factors in the case considered. 

Developed methods and tools: 

 an analytical model for estimation of offset due to mid-layer sampling; 
 a new method for creating a 'digital thread gauge' based on image processing. 

Reflections on contribution 

The challenges covered in this paper aid manufacturing of threaded parts using FDM. The 
analytical model would serve as a baseline estimation of the extra radial clearance needed 
for such geometries, or conical geometries in general. As mentioned, this would be on the 
high end of contextual dependency, so there will be differences between setups and thread 
geometries but as a minimum required offset parameter, the analytical model will be 
adequate. As the method provided is a proof-of-concept prototype, it is not thoroughly 
explored in terms of accuracy.  

Personal contribution to paper: 

 development of thread analysis method; 
 software coding for automated analysis; 
 image taking;  
 first author, leading the writing of article drafts and final version together with co-

authors. 
 

6.2. Paper 2 
Tronvoll SA, Popp S, Elverum CW, Welo T. Investigating pressure advance 
algorithms for fused deposition modelling: Theory, practice and simulations  
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Status: Manuscript approved for publication in Rapid Prototyping Journal.  

Research objective 1: Model and investigate the performance of dynamic pressure 
compensation methods for FDM, called advance algorithms. 

Research objective 2: Investigate the process parameter dependency of these algorithms.   

Brief description: So-called pressure advance algorithms are common methods for 
avoiding print defects in regions where the nozzle accelerates and deaccelerates upon 
printing. These defects are commonly known to result in dimensional variations and 
degradation of visual appearance in corners and start/stop regions. Compensation 
strategies are thus supposed to improve both the functionality and appearance of FDM 
parts, and hence the applicability of FDM for prototyping.  

This paper gives an overview of the theories of the origin of these defects and the 
mathematical formulation of the algorithms. Further, it presents experiments where one 
algorithm is investigated, namely linear advance v1.0 from the Marlin FDM machine 
firmware. The experiment investigates different calibration parameters for this algorithm, 
together with different layer heights.  The article then presents the same experimental 
result alongside simulations using the Simulink software.  

Main results  

 Advance algorithms effectively reduce defects due to acceleration/de-acceleration 
of the printer. 

 The mathematical formulation is only valid for uniform layer heights, as tuning 
parameters vary considerably between different layer heights. 

 Severe overcompensation can happen if this algorithm is not tuned correctly. 

Relations to research questions  

Its relation to research question 1, "What are the main drivers/factors influencing 
dimensional inaccuracy of FDM parts?", can be answered as follows:  

For extrusion accuracy, the main cause of inaccuracies and deviations is the need of 
building up or release pressure in the nozzle during acceleration/deacceleration. These 
can effectively be reduced by advance algorithms. However, the effect is significantly 
dependent on layer height, and possibly other process parameters, which can lead to 
significant overcompensation.    

Developed tools and methods: 

 mathematical description of advance algorithms; 
 simulation model for assessing the behavior of these algorithms. 

Reflections on contribution 
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This paper’s contribution to the body of knowledge is, in addition to the main results and 
methods, 1) thorough mathematical description; and 2) first investigation of these 
algorithms in academic literature. The outcomes could therefore be used as a reference 
for further investigation of algorithms.  

The identified layer height dependency is an important aspect for further application, as 
variable layer-height methods are getting ever more popular. A new method for 
incorporating this algorithm into FDM-systems is therefore needed.  

The proposed simulation method captures the behavior of these algorithms to a certain 
extent, but as no analytical method exists for relating flow rate to line width for low 
material flows, the performance of the algorithm in these areas is uncertain. This is also 
the case for rapid changes in material flow, as the flow pattern in these areas are uncertain.  

Personal contribution to paper: 

 most mathematical formulation, except from the key relation  
; 

 development of a simulation model; 
 all experimental work; 
 image taking; 
 first author leading the writing of the article drafts and final version together with 

co-authors. 
 

6.3. Paper 3 
Tronvoll SA, Welo T, Elverum CW. The effects of voids on structural properties of 
fused deposition modelled parts: a probabilistic approach.  

Status: Published in  International Journal of Advanced Manufacturing Technology 
2018; 97:3607–18. DOI:10.1007/s00170-018-2148-x. 

Brief description: When making prototypes using FDM, it is useful to know the 
difference in structural strength between the prototype and parts made by production-
intent tooling and methods. However, the mesostructure of FDM parts is anisotropic and 
their structural behavior is difficult to assess. The key reasons for the anisotropy are 
frequently debated in the literature, and significant efforts have been made into optimizing 
process parameters to improve the structural integrity FDM parts.  

Rather than aiming to optimize performance parameters, this paper studies whether it is 
possible to predict this anisotropy from the mesostructure created by the FDM process. 
This problem is investigated using tensile testing, and comparing the results with cross 
sectional data extracted from microscopy pictures of the cellular material structure. The 
failure model used together with the mesostructure is based on cross-section 
considerations, and statistically predicting the smallest cross section (weakest link) in an 
FDM specimen. 
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 Main results  

 The findings indicate that by analyzing cellular material structure one is able to 
predict anisotropy. 

 Findings suggests that the size of the voids in the mesostructure of FMD parts is 
the dominant driver for anisotropy. 

 From this it can be argued that the failure load of transversely printed FDM parts 
should be taken as a weakest link problem, hence following a statistical Weibull 
distribution. 

o This also implies that the structural capacity of FDM parts is size 
dependent, making comparisons of results from different sample 
geometries rather difficult.  

Relations to research questions  

Its relation research to question 2; "What are the main drivers/factors influencing 
structural integrity of FDM parts?", this paper's contribution can answered as follows:  

For structural integrity of near-dense FDM parts, the size of the voids introduced in the 
mesostructure is a key driver for the difference between the cellular material behavior and 
the bulk material behavior, especially anisotropic behavior. Other aspects as 
interdiffusion of polymer chains and fracture mechanics play a secondary role. 

Developed tools and methods: 

 method for predicting anisotropic failure loads based on the voids in the 
component’s mesostructure. 

Reflections on contribution 

This article is the first to introduce stochastic perspectives into failure load prediction of 
FDM parts. The results obtained suggest that the weakest link effect could be considerable 
due to significant variations in void sizes. 

The method of assessment employed does not take into account fracture mechanical 
effects or interdiffusion of polymer chains, though. The approach was therefore expected 
to predict a higher failure load than the one showed in the experimental results. However, 
the prediction turned out to estimate a significantly lower failure load than the one 
observed in the experiments. This somewhat surprising result is possibly attributed to 
premature failure of longitudinally-printed specimens, or alternatively, that the method 
of analyzing the cross-sectional configuration was conservative. Investigating the latter, 
by assessing the actual 3D-configuration of the mesostructure was therefore the 
background for Paper 4. The insights revealed from paper 4 questions the method of 
analysis in Paper 3, as the spatial variation in void sizes is not uniform throughout their 
length. 
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Personal contribution to paper: 

 mathematical formulation; 
 software coding for automatic measuring of voids from microscopy images; 
 executing all the experimental work; 
 first author writing the article drafts and final version together with co-authors. 

 

6.4. Paper 4 
Tronvoll SA, Vedvik NP, Elverum CW, Welo T. A new method for assessing 
anisotropy in fused deposition modelling: Analysis of computed tomography data  

Status: Manuscript submitted for publication in International Journal of Advanced 
Manufacturing Technology (under review as of April 28th, 2019) 

Research objective 1: Establish a method for characterizing through thickness-properties 
of the cellular structure of FDM parts. 

Research objective 2: Develop a multiscale method to assess the structure's response due 
to mechanical loading.   

Brief description: Due to the questions surrounding the method of analyzing the cross 
section, presented in Paper 3, it was decided to establish a suitable method to assess the 
volumetric geometric properties of the cellular mesostructure of FDM parts. This was 
done using computed tomography data of small cubic specimens. However, extracting 
valuable information from such vast amounts of data requires a suitable method of 
analysis to be developed. Such a method is presented and demonstrated in this paper.  The 
results from applying the method indicates that the void sizes have a clear spatial 
dependency. Therefore, it is argued that using data from cut and polished samples, as used 
in most research in the literature, can be misleading.  

The effect of altering the two process parameters flow rate and pressure advance, on the 
mesostructure is also investigated. In that regard, the findings show that a relative under-
extrusion of 10% compared with what is thought as optimal, significantly alters the void 
sizes and more than doubles their height and width. Using the advance parameter 
recommended by the printer manufacturer does not significantly alter the mesostructure. 

As a first step towards using this data for stiffness and strength assessments, a multiscale 
approach based on the geometrical data is created. The proposed multiscale method uses 
the CT-scan data to generate a linear elastic model, which is used to assess the force-
displacement relationship for the global structure, and the energy density distribution 
throughout the geometry. This was achieved using a 1st order homogenization finite 
element analysis approach. As with the voids, the energy density distribution has a strong 
spatial dependency, as well as dependency of the direction of loading.  

Main results 

 The void sizes in near-dense FDM parts have a large spatial dependency. 



Article overview 
 

55 
 

 Altering the flow rate has a significant effect on void sizes. 
 The voids introduce significant softening of the material, mainly in the transverse 

and vertical directions compared with the stiffness of the bulk material. 
 The strain energy density distribution in near-dense FDM parts have a large spatial 

and load direction dependency. 
o Most energy dense regions appear near the edges, implying considerable 

edge effects in the failure mechanisms. 
o Edge effects imply high size dependency of the specimens. 
o Much higher energy densities for FDM samples than for bulk material (10-

40% higher for the highest unit-cell averages, dependent on loading). 

Developed tools and methods: 

 a new method for assessing the geometry of voids in FDM specimens by analysis 
of FDM data; 

 a finite element-based multiscale simulation method, utilizing the identified void 
geometries to assess the linear elastic properties of the structure.  

Relations to research questions  

Its relation to research question 2; "What are the main drivers/factors influencing 
structural integrity of FDM parts?", this paper's contribution can be explained 
followingly:  

For structural integrity of near-dense FDM parts, the voids in the mesostructure 
considerably soften the structure while increasing the strain energy density in the 
structure. This implies significantly lower failure loads than those for the bulk material. 
Due to the complex strain energy density distribution, no conclusions on magnitude could 
be made in this study. 

Reflections on contribution 

The insights from this paper is believed to have large implications on all prior research 
on near-dense, unidirectionally rastered structures, which is one of the more conventional 
test specimen configurations in academic literature. The void sizes decrease throughout 
each layer, and significantly in vicinity of the turning points of the toolpaths. This spatial 
dependency has implications on the strain energy density, as seen in Figure 6-2: Factor 
of increase in strain energy density due to the voids in the structure, for loading in x-
direction. Figure 6-2, and hence the failure loads of FDM specimens.  
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Figure 6-2: Factor of increase in strain energy density due to the voids in the structure, for 
loading in x-direction. Toolpaths as in  Figure 5-5. 

As the regions of the higher energy density arise on the specimen boundaries, it implies 
that any crack formation would most possibly start in this region. This makes the 
magnitude of failure loads of such FDM specimens affected by edge effects, which 
implies a significant size dependency.  Using cut-out tensile samples, removing the edge 
regions, could increase generalizability of the results. There is also spatial variation not 
related to edges, as densification towards the end of each layer, that would still persist.   

The analysis method developed is; however, quite time consuming, and presently limited 
to a somewhat narrow span of geometries. Therefore, the method is less applicable in a 
real-world prototyping activity. 

Personal contribution to paper:  

 mathematical formulation of void analysis method; 
 coding for automatic measuring of voids from microscopy images; 
 all CT-scans; 
 development and coding of multiscale simulation method together with the 2nd 

author, Nils Petter Vedvik; 
 first author writing the article drafts and final version together with co-authors. 

 

6.5. Supporting paper 
Tronvoll SA, Elverum CW, Welo T. Prototype Experiments: Strategies and Trade-
offs.  

Status: Published in Procedia CIRP 2017; 60:554–9.  

DOI:10.1016/j.procir.2017.01.049 

Research objective 1: Identification of the different dimensions of a prototype 
experiment in product development. 
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Research objective 2: Identification of different modes of development and 
experimentation.  

Brief description: In this conceptual study, efforts have been made to categorize 
prototype experiments according to what attributes are valued when conducting these; 
hence, what trade-offs are committed. In addition, different modes of experimentation 
and development to mitigate uncertainty, is also categorized by a compilation of prior art 
on the topic. Both these trade-offs and modes are exemplified through four practical 
prototyping cases from an industrial-academic innovation project Systemflomvern-2020.  

Main results 

Six different dimensions of prototype experiments were proposed: 

 iteration cost; 
 iteration time; 
 approximation level; 
 user level; 
 result presentation;  
 experiment flexibility.  

Furthermore, four different modes of development were identified, namely: 
1. Point-based design – Create and test the most promising design (redo if it fails). 
2. Set-based solution array – Create and test multiple solutions and proceed with 

those performing above a required performance threshold.   
3. Performance-set investigation – Scope out the most promising design and 

investigate performance thoroughly on a conceptual level and converge into more 
detailed designs only when design choices are needed.  

4. Flexible design – Design the most promising solution in a way, so that if the 
design fails, potential changes needed are easier to incorporate (e.g. by modularity 
or use of flexible platforms).  

These four modes are illustrated in Figure 6-3. 
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Figure 6-3. Different strategies for development and experimenting illustrated in a design 
space/time diagram.  

Reflections on contributions: In the context of this thesis, the present paper mostly 
serves as literature to establish a relation between prototyping in general and prototyping 
by FDM. In a more general scope, the framework proposed enables investigating 
prototypes and prototype experiments beyond the established categorization methods 
provided  by e.g. Ulrich and Eppinger [17] (analytical – physical, and focused – 
comprehensive axes) and Schrage [28] (formal – informal, risk-management – 
opportunity, and internal – external axes). The dimensions found are more closely related 
to performance measures of a development process, including cost, time, total product 
quality [82], and are hence easier to analyze in the context of product development 
performance.  The synthesis of different modes of development also clarifies some key 
aspects around what is known as set-based concurrent engineering, and how this 
particular development strategy relates to other forms of development.  

6.6. Other research items  
The PhD candidate has also taken part in the two following papers, that are not included 
in this thesis: 

Elverum CW, Welo T, Tronvoll S. Prototyping in New Product Development: Strategy 
Considerations. Procedia CIRP 2016;50:117–22. doi:10.1016/j.procir.2016.05.010. 

Tronvoll SA, Elverum CW, Welo T. Test Environments in Engineering Design: A 
conceptual study. DS 85-1: Proceedings of NordDesign 2016, Volume 1, Trondheim, 
Norway, 10th-12th August 2016 2016. 
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7. Conclusions, reflections and further work 
 

7.1. Research findings and contributions 
Two research questions were posed as the fundament of this thesis work. This following 
section will answer these research questions, and in addition provide related 
contributions. 

RQ1: What are the main drivers/factors influencing dimensional inaccuracy of FDM 
parts? 

The thesis’ compilation of prior art and practices targets the known drivers for 
dimensional inaccuracy. Together with new and novel insights this have provided a 
thorough overview of the factors driving dimensional inaccuracy for FDM parts. These 
drivers can be categorized into 6 pools as illustrated in Figure 7-1.  
 

 
Figure 7-1: Key drivers and interactions for dimensional inaccuracy 

Through this work, the effect of two previously unexplored aspects have been 
investigated and quantified, namely mid-layer sampling and pressure advance algorithms.  
 
The new insights into dimensional accuracy can be listed as follows: 

 Mid-layer sampling has a considerable effect on the dimensional accuracy 
and hence functional performance on FDM manufactured threads. 

o Inductively this can be expanded to dimensional accuracy of all 
overhanging and inclined surfaces manufactured by FDM.  

o Reduction of layer height reduces the impact of mid-layer 
sampling, and findings suggests that it is the dominant source of 
errors. 

o For low layer heights the accuracy could be improved by altering 
the thread profile. 

 Advance algorithms can improve the dimensional accuracy of FDM parts. 
o This is significantly impacted by layer height. 
o Defects from overcompensation could be more severe than 

original defects. 

To answer these questions, the following new methods and tools have been developed: 
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 method for assessment of dimensional accuracy of threads by analysis of 
digital images; 

 analytical model for deviations introduced by mid-layer sampling; 
 simulation models for advance algorithms; 
 generalized mathematical framework for applying advance algorithms is 

formalized. 
 

RQ2: What are the main drivers/factors influencing structural integrity of FDM parts?   

For the structures investigated in this thesis, the mesostructure of near-dense, linear 
rastered parts is found to be a key driver for the inferior performance of FDM parts 
compared with bulk material. This includes both stiffness and strength aspects. As the 
multiscale approach presented is not yet coupled with failure models, no firm conclusion 
to magnitude of the mesostructure influence on mechanical strength aspects is given. The 
increased strain energy density does however suggest that it is significant.  
 
New insights into the structural integrity of FDM parts can be summarized as follows: 

 The weakest link effect should be considered when assessing the strength of 
FDM parts; 

o implies a clear size dependency of FDM parts, making longer parts 
statistically weaker than shorter ones. 

 The geometry of voids in near-dense FDM parts of PLA is highly spatially 
dependent, with variations in both transverse, longitudinal and vertical 
directions;  

o implies high size dependency due to effects near turning points of 
toolpaths and accumulation of material throughout each layer; 

o severely dependent on extrusion multiplier/flow rate; 
o would be dependent on geometry and size of the specimens; 

 The parts investigated have a non-uniform strain energy density distribution; 
o dependent on spatial coordinates and direction of loading; 
o variations in the range of 40% from least to highest energy density 

regions; 
o strain energy density is clearly higher for vertical and transversal 

loading than for longitudinal loading of same magnitude.  

To obtain these new insights, new methods related to the structural integrity of FDM parts 
have been developed, including: 

 a framework for weakest link assessment of transversely rastered parts based 
on microscopy pictures of mid-section of specimen; 

o This framework is based on uniform through-thickness variation of 
geometry, which was later found to be incorrect. 

 a framework for assessing through-thickness parameters of void geometries 
from CT-scan data; 
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 a method for using CT-scan data on a multiscale, finite element-based 
simulation approach for stiffness and energy density distribution.  

o This utilize the knowledge of the as-built geometry rather than 
statistical representative elements (as in representative volume 
elements approaches). 

7.2. Reflections on implications for academia  
For academia, the major contribution on dimensional accuracy are the new methods and 
frameworks introduced. The mathematical description of the advance algorithm would 
especially be an important contribution, as the topic of advance algorithms have become 
very popular among practitioners, while having lacked attention in the academic sphere. 
Having a description of the current as-is situation of these algorithms would be the first 
step towards researching, evolving and improving these methods. This algorithm would 
also be important for research on many other process parameters, as it would possibly 
need to be tuned for each temperature, material, layer height and other related parameters. 
As an example, research on temperature vs. accuracy aspects would be compromised, 
when failing to implement some form of tuning sequence of the advance parameter. This 
would also be the case for our early research on dimensional accuracy of threads, as this 
experiment was not conducted using such an algorithm. The method of analysis of thread 
accuracy can be further used to investigate the influence of other process parameters on 
dimensional accuracy.  

Considering understanding of structural integrity, the investigation using CT-scan data 
revealed critical flaws with current research on structural integrity of FDM parts. The 
performance of near-dense parts is expected to be significantly influenced by: 

 specimen geometry; 
 specimen size; 
 wall effects; 
 raster direction (in addition to angle). 

The strain energy density throughout such specimens is heavily non-uniform, which must 
be thoroughly considered when designing experiments for strength and stiffness testing. 
Different loading direction gives different strain energy density distribution, and results 
from e.g. anisotropy assessments would hence have an unclear interpretation, and would 
be very difficult to generalize. The multi-scale method of analysis is proposed to serve as 
a framework for further exploring these effects.  

7.3. Reflections on implications for industry and practitioners 
For dimensional accuracy, the advance algorithms dependency on layer height is an 
important aspect for practitioners, as different tuning parameters for each layer-height 
used are required. For the popular variable layer height approaches, one should ideally 
alter the tuning parameters to optimize for each layer height. Currently, this would need 
to be done manually, but it would be relatively easy to incorporate tabular values of 
advance parameters into slicing software and correct them automatically. The analytical 
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model and experimental data of the influence of layer-heights on the dimensional 
accuracy of threads can be used as a starting point for trying out the extra radial clearance 
needed to successfully manufacture threads with FDM.  

For prototyping application specifically, knowledge presented in this thesis regarding 
dimensional accuracy will improve the chance of manufacturing FDM prototypes with 
adequate results the first time, without adding substantial lead time or cost. This could 
lead to less iterations around design for FDM activities for tolerance critical parts; hence 
reducing prototyping lead time and cost. 

The research on structural integrity emphasizes the importance of well-tuned flow rates, 
as this is important for the configuration of the mesostructure. The increased bonding and 
stiffness in regions near the turning-points of the toolpath, are particularly important for 
designing parts subjected to bending, as e.g. snap fits and other spring type components. 
An anisotropic strain energy density distribution implies significant anisotropic effects, 
which is in accordance with literature. The key challenges for using the method of 
analysis on actual industrial parts are that it is quite extensive and developed for one 
geometry and one type of lay-up (uniaxial). These aspects must be improved upon before 
it can be used for real-world industrial application. 

For prototyping application specifically, knowledge presented in this thesis regarding 
structural integrity gives some important insights into what to expect from FDM 
manufactured parts, related to how the mesostructure changes throughout a part, and how 
that would affect the mechanical performance of some geometries. On the other hand, the 
generalizability of this knowledge is restricted. The largest contribution of this thesis is, 
therefore, considered to be the development of the multiscale simulation method. This 
method has a potential to become the starting point for developing and investigating 
multiscale simulation methods, which can further be developed to simulate strength and 
stiffness aspects of generic FDM parts. Such methods would then enable generating links 
for the structural integrity between FDM prototypes and the potential end product, 
improving the possible knowledge generated through physically testing FDM prototypes.  

7.4. Concluding remarks and further work 
The objective of thesis reads: 

Objective: To improve the applicability of fused deposition modeling as a prototyping 
method by reducing the uncertainty in part performance, by building knowledge and 
establishing methods for assessing and improving their dimensional accuracy and 
structural integrity. 

Relating this to the thesis contributions, the work has given key insights and knowledge 
of assessing the dimensional accuracy and structural integrity of FDM parts, mainly 
related to the following aspects: 1) layer sampling, 2) extrusion dynamics, 3) 
mesostructure. In all these three aspects, the contributions are believed novel, providing 
new information of the performance of the process and the parts. Some of the concepts 
presented have industrial/practitioner implications and would improve the prototyping 
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applicability by having established methods for assessing and improving the 
performance, and thus improving the design for FDM activities. 

Knowledge in-brief: 

 Dimensional accuracy of threads is related to the layer height. The results obtained 
herein suggest that this follows the trend of an analytical solution plus a baseline 
error. 

 Optimal advance parameters are dependent on the layer height. 
 Structural integrity of near-dense FDM parts have multiple non-material related 

dependencies due to the mesostructure configuration (part size, part geometry, 
wall effects, raster direction). 

Methods in-brief:  

 dimensional accuracy estimation by image analysis and analytical methods; 
 methods of assessing the mesostructure of FDM parts; 
 multiscale method of analyzing the mechanical behavior of the mesostructure; 
 simulation model for extrusion dynamics. 

This has expanded the knowledge of the FDM process performance in general and given 
new tools for further exploring its qualities and drawbacks.  Further work on dimensional 
accuracy should mainly be focused around implementation details. From this thesis work, 
this could be implementing 1) a layer-height dependent advance algorithm in printer 
firmware, and 2) thread-identification and offset compensation in slicer software.  

There are other techniques in need of implementation that are mentioned in Chapter 4.7 
but is not specifically targeted in this thesis, where the most obvious aspect would be 
implementing non-linear toolpath generation in slicer software. This would also require 
CAM software to handle non-linear file formats. 

Further work on structural integrity related to this thesis should attempt to couple the 
multiscale approach to failure assessments of FDM parts, or further develop the approach 
to handle other geometries and layups.  

Finally, it is pointed out that the activity and progress of desktop FDM is dominated by 
the open source community. For anyone researching desktop FDM, a tight collaboration 
with developers of machines, software or firmware would increase the potential for 
integration of ideas and concepts into existing systems. It is also important to give 
recognition to the community that have made low-cost additive manufacturing systems 
available.  
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Structured abstract 

Purpose: This paper aims to present the mathematical foundation of so-called advance 
algorithms, developed to compensate for defects during acceleration and deacceleration 
of the print head in filament-based melt extrusion additive processes. It then investigates 
the validity of the mathematical foundation, it's performance on a low-cost system, and 
the effect of changing layer height on the algorithm's associated process parameter. 

Design/Methodology/Approach: This study starts with a compilation and review of 
literature associated with advance algorithms, then elaborate on its mathematical 
foundation and methods of implementation. Then an experiment displaying the 
performance of the algorithm implemented in Marlin machine firmware, linear advance 
1.0, is performed using 3 different layer heights. The results are then compared with 
simulations of the system using Simulink.

Findings: Findings suggests that advance algorithms following the presented approach, 
is capable of eliminating defects due to acceleration and deacceleration of the print head. 
The results indicate a layer height dependency on the associated process parameter, 
requiring higher compensation values for lower layer heights. It also shows higher 
compensation values for acceleration than deacceleration. Results from the simulated 
mathematical model corresponds well with the experimental results, but predicts some 
rapid variations in flow rate that is not reflected in the experimental results. 

Limitations: As there are large variations in printer design and materials, deviation 
between different setups must be expected.  

Originality: First article to describe and investigate advance algorithms in academic 
literature.

Keywords: fused deposition modelling, FDM, melt extrusion additive manufacturing,
advance, flow control 

Article Classification: research article

Nomenclature 

 
– Cross section of annular section of nozzle 

– Cross section of deposited material
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– Diameter of annular section of nozzle 
– Diameter of filament 
– Forces exerted on the filament by the drive-wheels 

– Forces exerted on the filament by pressure loss in the nozzle
– Forces due to pressure loss caused by friction
– Forces due to pressure loss caused by acceleration of material

– Layer height
– Transfer function of input to output speed 
– Compliance of system
– Lag factor of system 

– Correction parameter for linear advance 
– length of filament inside extruder
– Length of nozzle outlet
– Friction coefficient  

– Pressure loss in nozzle caused by acceleration of material 
– Pressure loss in nozzle outlet caused by friction 
– Ingoing material volume flow 
– Outgoing material volume flow 

– Flow rate ( )
– Complex domain variable for Laplace transforms  

– Ingoing extrusion speed 
– Ingoing prescribed extrusion speed
– Laplace transform of  

– Outgoing extrusion speed
–
– Laplace transform of 

– Printing speed 
– Line width 

– Rotational speed of the drive wheels

Introduction 

For the development of filament-based melt extrusion additive manufacturing, the
activity level of the open source and practitioner community has resulted in a multitude 
of practical techniques and tools being available before they are described and analyzed
in academic research. One such widely used aspect, yet less described, is the 
compensation of defects due to undesirable extrusion dynamics occurring while 
accelerating and deaccelerating the print-head—known as advance algorithms. These 
algorithms have the potential to substantially enhance the print quality, but they can also 
impact the performance negatively if they are not correctly configured. There is also 
uncertain how these algorithms are affected by different process characteristics such as 
layer height, material, temperature and nozzle geometry. 

To be able to investigate these aspects thoroughly we will first present the algorithms’ 
background and develop its theoretical foundation, both in terms of mathematical 
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description and graphical block-system design. This would hopefully aid further research 
on the matter and ease the understanding of the algorithms for practitioners. As most of 
the work on this subject is done by the open source community, the previous work is 
rarely published, and therefore consists of sources outside of the academic sphere.

As a start of investigating the algorithm’s dependency of process parameters we will 
perform an experimental procedure focusing on dependency of layer height and whether 
the acceleration is positive or negative. These results will then be compared with 
simulation results of the process using Simulink, which can determine the model validity.

Although a trademarked by Stratasys Inc., filament-based melt extrusion additive 
manufacturing is commonly referred to as fused deposition modeling (FDM), which will 
be used throughout the article.

Background and objectives 

A typical area for defects is in regions of high acceleration or deacceleration of the print 
head. The most common display of these effects is shown in terms of over-extrusions on
corners when printing with a fast pace, as seen in Figure 1.

Figure 1: Over-extrusion in corners due to deacceleration.

Generally, the extruder tends to extrude too much material while deaccelerating, and too
little while accelerating (referred to as over-extrusion and under-extrusion, respectively)
as illustrated in Figure 2.

Figure 2: Typical printed shape while print acceleration/deacceleration. 1 – uniform 
extrusion at consistent slow speed, 2 – defects start during acceleration, 3 – returning to 
uniform extrusion at consistent high speed, 4 – defects start during deacceleration, and 5 
– returning to uniform extrusion at slow speed.
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As these defects will severely impact the tolerances at corners, manufacturing fine 
tolerance clearances or press fits would often require post processing of the parts by 
sanding or machining, for removing excess material.

There is a shortage of academic work on extrusion dynamics related to fused deposition 
modeling, with the exception of Bellini, Guceri & Bertoldi (Bellini et al., 2004) who made 
a thorough exploration of extrusion dynamics using Stratasys equipment, working 
towards strategies for flow control. They did however have a focus on the electronic 
circuit, assuming the heat transfer, rate and temperature dependent characteristics to be 
the root cause of the dynamics. 

The first applied open source algorithm attempting to calibrate for the defects shown in
Figure 1, was through an algorithm called simply advance, developed by Matt Roberts
(n.d.). This was later implemented in the widely used Marlin firmware. The algorithm 
assumed that the root cause of the error was the compression of filament in the extruder 
combined with the pressure loss in the nozzle due to acceleration of material. Influenced 
by this work, Bernard Kubicek pointed out that the pressure loss in the nozzle was 
dominated by friction forces, rather than forces due to acceleration (Kubicek, n.d.). An 
algorithm incorporating these ideas was then implemented in the Sailfish firmware by 
Jetty, Kubiceck and Newman, and hence called JKN-advance (“Jetty Firmware Manual,” 
n.d.). This progress led many firmware developers to develop their own version of this
algorithm, and different versions is now implemented in many other firmwares, e.g.
Marlin, RepRap and Klipper (“G-code,” n.d.; Kevin O. Connor, 2018; Sineos, 2018)

Building on the same physical principals of JKN-advance, the developers of Marlin
created an algorithm named linear (pressure) advance, which due to Marlin’s popularity 
is now possibly the most adopted version. The algorithm was developed and implemented 
by Sebastian Popp, improved by multiple GitHub users including Scott Latheine, and 
documented by Sineos (2018). As there might be slight differences of the 
implementational details for different firmwares, we will be referring to the Marlin
implementation, if not stated otherwise.

Mathematical formulation
Some of the most promising explanations for potential contributions to these deformities 
are: 

Deflection of the drive wheel position relative to the nozzle
Compression/deformation of the filament between the drive wheels and nozzle
Deflection/elongation of the guide tube (in case of Bowden type extruders, using
extruder drive wheel mechanism placed apart from the heating assembly,
connected by a polymer tube)
Load dependent phase lag in the extruder stepper motor

Together with a pressure loss in the molten plastic throughout the nozzle, which increases 
with material velocity, any of these causes could possibly reproduce the same phenomena. 

In the compensation procedure to be described here, the assumed root causes are all 
modelled as linearly dependent on the rate of the filament extrusion, and hence pooled 

P2-4



into one single system. The easiest way to describe the mechanism would be using the 
compression of filament analogy, as seen in Figure 3.

Figure 3: Direct drive extruder assembly, together with simplified physical model.
Forces at nozzle , the length of the filament section inside extruder , drive wheel 
forces , and incoming/outgouing material volume flow and , together with 
incoming/outgoing extrusion speed and , printing speed and rotational 
speed of the extruder drive wheel .

Based on Sineos and Kubicek (n.d.; 2018), the following procedure could describe a 
compensation procedure for this type of system. The system is assumed quasi-static, so 
that forces due to acceleration of solid material is assumed negligible. This means that
the forces exerted by the drive wheel are equal to those arising from the pressure drop in 
the nozzle:

Explanation for the symbols are shown in Figure 3. Moreover, the compression or 
possibly buckling deformations of the filament inside the extruder is assumed linearly 
dependent on the forces in the following way:

where is a constant and , where is the initial (unloaded) length of the 
filament section between the nozzle and drive wheel. The counteracting forces are 
assumed to be caused by pressure loss in the nozzle or nozzle outlet. There might also be 
friction stemming from along the rest of the path from drive wheel to nozzle, but as the 
filament normally has a diametral clearance of 0.15 - 0.25 mm to the walls that are mostly 
covered with low friction Teflon or Nylon tubing, this contribution is assumed low. The 
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remaining question is then the relation between velocity and forces in the nozzle, where 
we have both a contribution from the acceleration of material, for which the contribution 
can be found through the Bernoulli equation, and frictional forces.

As a rough estimate of magnitude of these forces, we would use an example with an
standard E3D nozzle (Younge, 2014), with 0.4 mm diameter nozzle ( , 0.6 mm outlet 
length , used for 1.75 mm filament diameter ( , and at an relatively high extrusion 
speed of 100 mm/s . We would choose to use polylactic acid (PLA) data as it is the 
most common material for FDM. PLA is found to exhibit low shear thinning and is
therefore assumed Newtonian. We assume a density of 1250 kg/m3 , and a viscosity of 
approximately 200 to 1000 Pa·s ( at 220-190°Celsius (Zhou et al., 2006). The forces 
on the filament due to acceleration of material, named , would be calculated as:

where is the pressure loss in the nozzle. Using the Hagen Poiseuille equation,
assuming laminar flow, the friction contribution of the force from the nozzle outlet only,
named ,can be found as:

where is the pressure loss due to friction. The friction forces from the conical section 
are harder to assess, as this is a region where the material goes from solid to melt, and its 
rheological properties would therefore be very difficult to include. However, the friction 
forces from the nozzle outlet only, are larger than the acceleration contribution by a 
magnitude of , and hence clearly the dominating force. The relation between
velocity and forces from the nozzle are therefore assumed linear. This leads to a relation 
between the velocity and the compression of the filament that is also linear, related by a 
constant , which we call the lag factor, by the following convention:

The older advance created by Matt Roberts assumed that the Bernoulli pressure drop to 
be the dominant term, and hence defined:

As shown, there are many factors influencing the pressure loss, and results from one FDM 
printer setup (machine, material, temperature) might therefore not be the same in another 
setup.

The ratio between the extruder speed and printing speed is dictated by the slicer, based 
on the assumed geometry of the printed filament. The output geometry assumed by slicers 
are most often rectangular, with semicircular ends, as seen in Figure 4, which is however 
only defined for width less than the layer height. Much work has been done on 
microgeometry of FDM parts, for relating the process parameters to surface roughness. 
Most notable is the elliptical cross sections model by Ahn et al. (2009), and the parabolic 
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model by Pandey, Reddy and Dhande (2003). These have limitations in practical 
implementations due to being based on experimental observations.

Figure 4: Assumed geometry of extruded filament for slicer implementation. Out of 
plane printing movement.

Relating the geometric measures to the output geometry gives (Gary et al., n.d.):

For accelerating/deaccelerating, Equation 3 gives:

Solving for gives:

In the advance algorithms, one simply corrects to be equal to , where 
is the required extrusion speed, as defined by the G-code. This gives 

Which for would give , as required for a correct extrusion
width. The reason for having the factor is due to G-code conventions for most 
FDM firmware. For a printing move the G-code prescribes the required length of raw-
filament needed to extract the correct amount of material as prescribed by the computer 
aided manufacturing software, as illustrated in Figure 5.
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Figure 5: General entries in a printing move, using the G1 G-code command.

As FDM-printers are most often driven by stepper motors, that are advancing in discrete 
time/length intervals, this could be implemented in each of these intervals. Calculating 
the required length of filament at interval , , with time step , as a function of the
requested extruded filament segment in each time step, can be done as follows:

The K-factor is in units of seconds, and its magnitude is found experimentally, typically 
seen in range of 0.1 – 0.3 for direct drive extruders, and in range 2.0–3.0 for Bowden type 
extruders (Sineos, 2018). The presented framework represents most advance algorithms, 
but some have a scaling factor for K, which for the linear advance 1.0 from the Marlin 
firmware is 512.

It is debatable whether the volume flow is a valid independent variable for this 
compensation. The material from the nozzle is deposited on a bed perpendicular to the 
extrusion direction, and there is contact between the nozzle and melt both inside and 
outside of the nozzle, as seen in Figure 6. This would create a layer height dependent 
pressure drop, but the magnitude is difficult to assess due to a complex flow pattern with 
combined open, moving and stationary boundaries. As lower layer heights are associated 
with a higher pressure loss (Coogan and Kazmer, 2017), it is expected that lower layer 
heights also requires higher compensation parameters.
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Figure 6: Overview of the different boundary types in the nozzle. Stationary boundaries 
would increase the pressure drop, while the pressure drop due to open and moving 
boundaries has a more uncertain influence.

For simulation purposes, the solution of equation 7 could be found using Laplace 
transformation, where the solution of this first order ODE is: 

And the transfer function would be written as:

where is called for simplicity, and it’s Laplace transform is called .
This transfer function is very similar to what Bellini et al. found in their research (Bellini 
et al., 2004), where the only difference is a time-delay function and a gain. The gain is
the link between the theoretical extrusion speed of the drive wheel and the real extrusion 
speed of the filament. These values would have a discrepancy due to for example, slip 
between the drive wheel and filament, and deformation in the filament. For printing 
applications, it is assumed constant and usually tuned on the printer through the parameter 
extruder steps per mm, and in the G-code through the parameter called flow rate, flow or 
extrusion multiplier. This is however omitted in this article, as these parameters are tuned 
in advance. The resulting system is the solution of the system seen in Figure 7.

Figure 7: Resulting extruder system from equation 14.
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Although less important for uncorrected flow, for special cases as e.g. overcompensation, 
might become negative. This would empty the nozzle for material instead of

dragging material from the print bed into the nozzle again. During negative the
velocity dependent friction is assumed neglectable as no material is moving through the
nozzle, and the following correction of the system for negative speeds in Figure 8 is 
therefore applied.

Figure 8: Corrected extruder system eliminating backflow of material.

The combined system of the extruder and the pre-processing of the speeds using linear 
advance, is seen in Figure 9.

Figure 9: Model for processing the input speed using linear advance, altering the G-
code input speed based on the acceleration to calibrate the extruder speed.

All these models assume that the mechanical/mechatronic system is flawless and that the 
method of discretization is irrelevant, and will be used in the Simulink simulation 
software.

Experimental setup
Using an Original Prusa i3 MK2.5 desktop FDM printer, a controlled experimental test 
for different linear advance values and different layer heights was performed. The test 
was generated from the test template provided in the Marlin documentation 
(MarlinFirmware, 2018), and consists of an acceleration from low speed to high speed at 
values for KLA from 0 to 0.2. Key process parameters are listed in Table 1 and Figure 10,
and simulated results are seen in Figure 11 and Figure 13. The test is only performed for 
deposition onto the bed, and the geometry and stiffness of the substrate would possibly 
affect the result.

Table 1: Process parameters for experimental tests

Layer height 0.10 mm, 0.20 mm and 0.30 
mm
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KLA-values 0 - 0.2 s in 0.01 s increments
Line width 0.48 mm
Nozzle size 0.40 mm 
Material Generic polylactic acid
Nozzle temperature 215º Celsius

Figure 10: Test line speeds, accelerations and lengths.

Figure 11 shows the simulated output extrusion speed for different K values of the
system, when linear advance is not applied. Dividing by would give the 
flow rate for the different positions along the test line as shown in Figure 13. This would 
to some extend reflect the changes in extrusion width but neglects the geometry of the 
filament line and extrusion dynamics after the melt leaves the nozzle. This implies that
e.g. the peaks in the flow rate will not be reflected in the extrusion width, as they will be 
smoothed out by flow dynamics pushing material forwards and backwards from the 
nozzle, establishing the path of least resistance. To include these effects would possibly 
require highly non-linear simulations by e.g. finite element analysis using mixed 
Eulerian-Lagrangian formulation and hard-to-obtain rheological properties, and is in this 
study omitted due to complexity. The implications of displaying flow rate compared to
the cross-section model implemented in the slicers (Figure 4) is shown in Figure 12. As
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the results from Figure 13 shows, the defects should be easily identifiable, already at a 
value of 0.02 s.

Figure 11: Simulated, non-calibrated output speed from extruder for different K
values, printing with 0.2 mm layer height along the test line.

Figure 12: Difference in flow rate-to-line width relation between slicer implemented 
model with circular ends and using a linear relation to the flow rate as used for 
visualization of simulation results. Note that the slicer implemented model is ill-defined 
for widths lower than layer height.

P2-12



Figure 13: Simulated non-calibrated flow rates for different values of , where 
. Start width indicates the ideal flow rate ( .

Results and discussion 

First, we will present the combined results from the tests. Then the results from each layer 
height alongside a simulation will be presented. Figure 14 displays the results for all layer 
heights and all correction factors combined, along with a marking that shows the lines 
that are estimated to have the smallest defects, and hence the more optimal correction 
factor.
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Figure 14: Defects for different layer heights, and K values for linear advance
calibration. X marks the line with least defects, or between if similar.

Table 2 summarizes the findings from the figure. The identification of this correction 
factor is done by visual estimation only, placing the ideal correction factor half way 
between the test lines displaying visible defects. As a quantitative result, an accuracy on 
ideal KLA of less than 0.01 s cannot be guaranteed. Due to defects in the glued-on 
polyetherimide (PEI) print surface as well as tolerances of the filament cross section of 
about ±2 %, any higher accuracy would anyways be difficult to achieve.

Table 2: Ideal correction factors for different layer heights

Layer 
height 

for acceleration [s] for deacceleration [s] Average 
[s] 

0.1 0.095 0.085 0.9
0.2 0.065 0.055 0.06
0.3 0.05 0.04 0.045

As seen in Figure 14, the defects get smaller for increasing KLA until a value of around 
0.04 to 0.95 for the different layer heights. Using a KLA value of more than twice the 
optimal one, will result in severe overcompensation to an extent that results in no extruded 
material when deaccelerating. The experimental study shows that there is approximately 
0.01 s-1 in difference between the optimal K-values for acceleration and deacceleration. 
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This is however within the range of the accuracy of our method. It must be emphasized 
that these values are only valid for our specific setup, as this will possibly be affected by 
many different parameters.

As hypothesized, there is also evidence for a layer dependency. The ideal compensation 
parameter is approximately twice as high for a layer height of 0.1 mm than for the layer 
height of 0.3 mm. This indicates that thin layers generate a significantly higher pressure-
loss, which is suggested in literature (Coogan and Kazmer, 2017). However, due to the 
number of different nozzle geometries, it could be challenging to develop a universally
valid layer height compensation function. As this test is quite easy to perform, the results 
could instead easily be implemented as tabular values in the slicer software.

Figure 15 to 17 shows the full test lines, alongside a simulation using the system shown 
in Figure 9, applying the identified average optimal KLA value of the system for each 
layer height, to display whether the proposed model can replicate the experimental 
results. The simulation results are only displayed in terms of extrusion flow rate, 

, and scaled so that the simulated flow rate is equal in width to the
experimental results sampled between the start of the line and start of the acceleration 
phase, which indicates ideal flow rate ( ). Sample line for and 

used as reference.

Figure 15: Experimental results for 0.1mm layer height, alongside simulation results for 
ideal K=0.09s

P2-15



Figure 16: Experimental results for 0.2 mm layer height alongside simulation results 
for ideal K = 0.06s

Figure 17: Experimental results for 0.3 mm layer height alongside simulation results for 
ideal K = 0.045s 

For 0.3 mm layer height, the model fits very good to the experimental data, with 
approximately the same variations in the acceleration zone, and the same length of section 
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where there is no extrusion of material. For the lower layer heights, the length of the 
section with no extrusion is less reflected in the experimental data, as there seems to be a 
difficulty to make the plastic stick to the print bed while restarting the extrusion.

Comparing the simulation results for flow rate with the experimental results for filament 
width, they are very similar where there are no large variations/spikes in flow rate. For 
large variations, the experimental results are smoothened out compared with the 
simulation results, as illustrated in Figure 18. This discrepancy could be from dynamics 
of the melt after it leaves the nozzle. It is also possible that the discrepancy is due to high 
stepper motor load, resulting in skipped steps, as this compensation uses large and discrete 
velocity jumps when it starts an acceleration. Another reason for the discrepancy could 
be due to deflection between the nozzle and print bed, due to higher volume flow and 
hence higher pressure, increasing the layer height in those areas.

Figure 18: Illustration of experimental width (top) and simulation of flow rate (bottom) 
results for 0.3 mm layer height, and A) acceleration region for KLA = 0.2 and B) 
deacceleration region for KLA = 0. Edges traced using the software Inkscape for image 
clarity. 

When the flow rate is relatively low, the experimental samples are somewhat wider, as 
illustrated in Figure 19. This is expected, as in this region the assumed extrusion width is 
less than the layer height. Having such a low flow rate would result in an uncertain shape 
of the extruded line, as they will not be sufficiently squeezed down onto the print bed.

Figure 19: Illustration of experimental (top) width and simulation (bottom) of flow rate 
from results for 0.3 mm layer height, and A) acceleration region for KLA = 0 and B) 
deacceleration region for KLA = 0.0. Edges traced using the software Inkscape for
image clarity.

Summary and further work 

The mathematical framework for the so-called advance algorithms is presented, and its 
effectiveness in compensating for defects due to extrusion dynamics is demonstrated. The 
algorithm linear advance 1.0 from the Marlin firmware is shown to effectively 
compensate for irregularities in extrusion widths during acceleration and deacceleration
of the nozzle. As hypothesized, the required correction parameters are layer dependent, 
and will therefore need to be tuned for each layer height used in a print. There is also 
possibly a small difference in optimal correction parameter for whether the acceleration 
is positive or negative. The mathematical model is through simulations with Simulink
and comparison with the experimental data, shown to be quite accurate for smooth 
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variations in flow rate. When there are rapid variations in flow rate, the extrusion width
seems to be smoothened out in the experimental results compared with the simulations. 

As the algorithm enables printing a sufficiently uniform extrusion width for practical 
purposes, and the mathematical model can replicate that, we believe further work should 
focus on three areas:

Investigate implications for printing 3D geometry
o Non-linear extruder movements
o Substrate stiffness and geometry

Investigate dependency of more process parameters e.g.:
o Material
o Temperature
o Specified extrusion width
o Nozzle diameter

Develop solutions and standards for implementing the process parameter
dependency in the printer firmware
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Abstract
In the search to understand the functional capabilities and limitations of fused deposition modelling (FDM) manufactured
components, control over their structural behaviour is crucial. For example, voids introduced during the production phase
are a large contributor to anisotropy, yet the magnitude of this contribution remains unquantified. As a baseline model for
quantifying strength reduction due to process-induced voids, a statistical method for evaluation of the minimum residual
(net) cross section is proposed and tested. Our new method serves to predict the reduction in ultimate tensile strength of
transversely printed specimens relative to solid or longitudinally printed specimens, based on void sizes identified from
microscopy images of the centre plane of a tensile specimen. ImageJ is used to identify void sizes from the microscopy
images, and residual cross sections are determined using a bit counting MATLAB script. From the distribution of residual
cross sections, the weakest link for a given sample size is estimated. The accuracy of the proposed method is determined
through comparison with experimental test data for samples of polylactic acid (PLA). The results reveal a close yet slightly
under-predicted strength estimate, which for the case considered predicted approximately 5 MPa (12%) lower strength
than observed in the experiments. Based on our findings, we have established evidence that the anisotropic behaviour of
FDM specimens in PLA can to a large extent be explained by the reduction in residual cross section. This implies that other
effects such as fracture mechanics and atomic diffusion of polymer chains play a secondary role for the phenomena
observed.

Keywords FDM . Fused depositionmodelling . AM .Additivemanufacturing . Voids . PLA . Polylactic acid

1 Introduction

Creating and testing prototypes, as most other experimenta-
tion in product development, are mainly an endeavour to re-
duce uncertainty. How likely is it that the product works as
expected? To draw valid conclusions from prototype testing,
one would like the performance to be as close to the intended
design as possible. This could require compatibility in

multiple dimensions, and for physical products, these dimen-
sions could be:

& Appearance
& Dimensions
& Stiffness
& Weight
& Strength

If there are ways in which the prototype performs different
than the expected production model, one should at least be
aware of the difference and able to estimate the potential de-
viation [1].

A major topic for prototyping processes over the past sev-
eral years, probably boosted by the maker-movement, has
been additive manufacturing (AM). Moreover, due to technol-
ogy advances and patent expirations, AM has now become
affordable for many hardware designers and engineers. For
many cases, this technology has reduced the need of going
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through production drawings and highly skilled labour to pro-
duce and hence test complex parts. Especially for production
components such as injection moulded plastics, it is now pos-
sible to generate close-to-final quality-products by “hitting a
button” and letting time do the work.

The industry surveying Wohlers Report shows that the
volume of AM machines is largely driven by sales of
consumer-directed machines, sold not only to consumers,
but also to industrial customers. In 2015, an estimate of
almost 280,000 desktop printers (sub 5000$) were sold
worldwide, compared to approximately 13,000 units in
the industrial price range [2]. Currently, the consumer seg-
ment is dominated by a single process type—namely the
fused deposition modelling—in which lines of heated ther-
moplastic (called filament) are deposited, fused together
and stacked in layers [3].

However, this filament fusing layer depositing method
does create several compatibility issues. For the dimensions
and appearance, one is restricted by the filament widths and
layer heights, giving a minimum shell thickness and a clear
“layered” look. While for the mechanical performance, one
must tune the build strategy, process parameters and material
to achieve the desired behaviour. Therefore, significant effort
is put into investigating how these factors affect the mechan-
ical performance.

The most apparent topic for investigation of mechanical
strength of FDM parts is the change of tensile capacity for
different build strategies, pioneered by the work of Ahn,
Montero, Odell, Roudy and Wright [4, 5], as well as the in-
vestigation of the mesostructure by Rodríguez, Thomas and
Renaud [6, 7]. The anisotropy arises from the fact that the
load-bearing capacity of a filament along its axis of deposition
differs from the capacity transversely of two filaments melted
together (inter filament bonding). Optimization of process

parameters and strategies to reduce this anisotropy—or gen-
erally increase the mechanical strength—has therefore been a
major topic among researchers [8–15].

Our research started off likewise, aiming to reduce the an-
isotropy through annealing. This has proven to be effective for
inter filament bonding in an earlier scientific study [8], but
also been debated in different forums of the 3D printing com-
munity. The basic concept is that, when trying to melt together
two lines of filament, one gets a reduction in strength com-
pared to the bulk material due to incomplete diffusion of poly-
mer chains, reduced cross section (introducing voids) and
fracture mechanics type stress concentrations, as seen in
Fig. 1. Annealing was therefore introduced to increase atomic
diffusion. However, initial tests indicated no effect on the
tensile specimens in polylactic acid (PLA). As a result, the
following question was raised: What is the baseline reduction
in strength due to each mechanism? There are numbers of
papers seeking to improve the FDM process [8, 12–14, 16],
yet, very few quantify the potential performance increase due
to their proposed process enhancements.

To better understand the performance of 3D-printed parts,
unlike process optimization where one seeks to find the opti-
mal process parameters, we would therefore try to answer the

Fig. 1 The three main inter filament bonding strength reduction
mechanisms. F denotes load direction

Fig. 2 3D printer axis and components

3608 Int J Adv Manuf Technol (2018) 97:3607–3618

Fig. 3 Close-up of print paths with no perimeter. Colour for contrast only.
Only two last layers shown, for convenience
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following question: Just by visually inspecting the 3D-printed
specimen, what can we expect of strength reduction due to the
reduction in cross section, resulting from the characteristics of
the process?

As a starting point, we propose a simple engineering meth-
od to estimate the nominal reduction in tensile strength due to
voids. The method is meant to predict failure stress of trans-
versely infilled tensile specimens, based on the statistical dis-
tributions of residual (remaining) cross sections. This will be
achieved through the use of microscopy images processed
through ImageJ for void identification, combined with a
MATLAB script for size estimations to give statistical values
for cross section reduction. Based on the identified size of
voids, their statistical distribution and the sample size, an ex-
pected failure load distribution is created based on the size of
the weakest link. The predicted distribution will then be com-
pared with experimental tensile test data for parts in PLA to
estimate the accuracy of the proposed method.

2 Theory and background of fused deposition
modelling

The basic concept of FDM is manufacturing through deposi-
tion of materials in the form of small strips of filament.

Usually, this is done by using thermoplastics, which are heated
up to above-melting temperature and extruded through a noz-
zle onto a table or the workpiece as seen in Fig. 2 and Fig. 3.
The base material is either supplied as continuous filament
through a rolling wheel feeder or as pellets using a hopper
and a reciprocating screw. The material is deposited layer by
layer in the z-direction, using a 2.5 axis CNC system.

As the material is deposited as lines—rather than melting
or curing of volumetric pixels—the material characteristics are
highly dependent on the strategy for producing these seg-
ments. In general, the resulting parts’ structural integrity is
governed by five characteristics:

& Strategy—How are the filament paths placed?
& Material—What are the characteristics of the extruded

base material?
& Geometry—How are these lines shaped?
& Accumulated strain—What strains have been introduced

to the part throughout the process?
& Inter filament bonding characteristics—How well do

these lines stick to other lines?

The production strategy and material are preset control pa-
rameters, while the geometry of the lines of filament, their
accumulated strains and their bonding are variables, resulting

Fig. 4 Different area/volume domains of 3D-printed parts

Fig. 5 45° (diagonal), 0° (longitudinal) and 90° (transverse) directed infill. 0° directed infill is shown printed with four outlines to reduce stress
concentrations along the edges on the specimen exterior

Int J Adv Manuf Technol (2018) 97:3607–3618 3609
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from the process parameters as layer height, nozzle tempera-
ture, bed temperature, extruder multiplier, overlap, material,
etc. One would often need to choose a strategy both for cre-
ating exterior or interior (infill) of a part and what mechanical
and aesthetic properties these domains should have. The ex-
terior is divided into four sub categories: the outline (the in-
plane outward facing domain), the bottom (domain in contact

with build plate), the overhang or bridges (facing downwards
into the air, or onto support structure), the top (facing out of z-
plane upwards), as seen in Fig. 4.

To create a smooth outer surface, the outline is very often
comprised of semi-continuous lines (lines that bite their tail),
while the inner 2D domains are filled to their specified density.
This can be achieved using different geometric patterns, e.g.,

Fig. 6 Tensile strength vs.
Young’s modulus for already in-
market FDMmaterials. Data from
the software CES EduPack from
Granta Design Limited

Fig. 7 Fracture toughness vs.
elongation to failure for already
in-market FDM materials. Data
from the software CES EduPack
from Granta Design Limited
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linear raster, honeycomb, Hilbert curve or concentric raster, to
create a near solid, or a partially filled structure to reduce
density/material and cost/build time.

The prior research on the subject of material mechanics is
mainly done using linear raster infill [4–6, 10, 11, 17], where
efforts have been made to find the optimal infill types and
orientations, or use the results for classical laminate theory.
The reasons for not using more complex infill could be that
it would involve more complex analysis, or the fact that this
was the standard method of filling before honeycomb and
cubic infill became mainstream. The common findings are,
however, that compressive strength is not severely affected
by infill direction, unlike the tensile strength which is highly
dependent. The most used tensile test specimens are 0°
(longitudinal) infill, ± 45° and 90° angled (transverse) infill
compared to the axis of loading, shown in Fig. 5. Research
on ABS shows that specimens with transverse infill have the

lowest performance, with a reported degradation of tensile
strength from 22 to 90% [4, 6] compared to the bulk material.
Somework using PLA reports an 8–16% reduction of strength
of transversal specimens compared with longitudinal ones
[18, 19]. However, this work seems to suffer from print quality
issues and specimen printing orientations requiring support
structures, which might have influenced the results.
Specimens that are printed out of x-y plane are often omitted,
possibly due to the non-symmetric manufacturing conditions.
When creating on-bed standing tensile specimens, the temper-
ature history, the vibrations and thereby the specimen charac-
teristics would vary along its length. Especially voids tend to
be smaller close to the heat bed than further away [20].

Many different materials are available on the market; a
selection of them, alongside some of their mechanical proper-
ties, can be seen in Fig. 6 and Fig. 7. These could be provided
as pure, copolymer or filled (carbon/glass/wood/silica), where
the most used materials are unfilled PLA and unfilled ABS.
Here, the dominant one is PLA due to its relatively low melt-
ing point and low shrinkage from solidification to room tem-
perature, which make it easy to use for FDM. Compared with
ABS, PLA has very good strength, stiffness and fracture
toughness, but low elongation properties make it less suited

Fig. 8 Void formation between filaments

Fig. 9 Near triangular voids in zigzag pattern

Fig. 10 Geometric measures of voids

Fig. 11 Size and position of the maximum vertical measure of a void,
which will be used later in the paper

Int J Adv Manuf Technol (2018) 97:3607–3618 3611
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for components that utilise the material for springs and spring-
like components (e.g., snap fits).

3 Anisotropy and voids

Extruded filament lines have a cross section spanning from
oval to a near flattened appearance, where the main drivers for
the geometry are:

& Flow rate
& Path placement
& Fluid/solid mechanics of the material
& Layer height

The origin of the shape can partly be explained from fluid
mechanics, and the circular shape of the nozzle as Hagen–
Poiseuille flow through the nozzle should be expected, using
viscous materials such as molten plastics. This implies that the
velocity of the material through the nozzle is highest at the
centre and declining toward the nozzle wall. This, along with
the circular shape of the nozzle, results in less extruded mate-
rial away from the centreline of the extrusion path (or said
otherwise, it would be difficult to extrude a perfectly rectan-
gular line of molten material using a circular nozzle). In addi-
tion, the filament is commonly extruded into a corner made up
by the previous layer and the previous line of filament,
constraining the flow of material and hence flattening its
boundaries. As these cross sections do not form sharp corners,
placing many filaments alongside each other creates an almost
uniform pattern of voids, as illustrated in Fig. 8.

How these voids form, depending on process characteris-
tics, and their effect on mechanical behaviour has been inves-
tigated by Rodriguez et al. [6, 7]. Their findings show that the

strength increases with decreased void sizes. Moreover, these
voids are not rhombic but tend to extend more upwards than
downwards, forming a kite/diamond shape. Some researchers
report contradicting findings to this, however, suggesting that
the voids extend less upward than downward [21, 22], attrib-
uted to, e.g., gravitational forces. However, our experience is
in accordance with Rodriguez et al. [7], i.e., the observed
asymmetry increases with increased flow rate or overlap of
paths. High flow rate or overlap results in near triangular
voids, alternating raster directions spread into a zigzag pattern
as illustrated in Fig. 9.

We have defined the following geometric values, as mea-
sured from the layer boundary or filament boundaries, also
shown in Fig. 10 and Fig. 11:
dA maximum upwards extension of void
dB maximum downwards extension of void
dC maximum horizontal measure of void
dD distance from left contact point to position of dA
dmax maximum vertical measure of void
θA misalignment of filament intersections
θB misalignment of maximum upwards and downwards
measure

Other geometric measures that have a significant effect on
fracture behaviour would be the corner radii.

Table 1 Process
characteristics for
production of specimens

Layer height 0.3 mm

Extrusion multiplier 1.0

Nozzle temperature 210 °C

Heat bed temperature 55 °C

Print speed 60 mm/s

Nozzle size 0.4 mm

Fig. 12 Tensile specimen geometry

Fig. 13 Ultimate tensile engineering stress for the samples using cross
section area based on its exterior dimensions

Fig. 14 Results from the transversal specimens compared with the mean
of the longitudinal ones

3612 Int J Adv Manuf Technol (2018) 97:3607–3618
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How these voids form, or more correctly, how the bonds
between filaments form, have been investigated by many re-
searchers as this is a major factor to the strength of FDM parts.
Li et al. [21] used geometric considerations to calculate the
void density and bond geometry. Bellehumeur et al. [20]
modelled the bond formation between two filaments, depend-
ing on temperature, while Sun et al. [13] investigated the tem-
perature profile for some printing processes and its effect on
void formation. Coogan and Kazmer [23, 24] modelled the
strength of single filament-to-filament bonds, including the
contribution of the reduced cross section, and effects of diffu-
sion of polymer chains.

These efforts mainly sought to increase the understanding
of the phenomenon of void/bond formation. When expanded
to handle more complicated parts than single filament-to-
filament bond, they could be of high value for predicting part
strength. However, the approaches lack the stochastic perspec-
tive that would need to be incorporated for investigating real-
world applications and performances. As noted by Gurralla
and Regalla, the void sizes are not consistent [25], and a de-
terministic approach would therefore be insufficient.

To fill this gap, we would explore the statistical effect of
void size distribution on ultimate tensile strength of trans-
versely printed FDM parts. Our hypothesis is that it is possible
to predict with reasonable accuracy the performance of a
transversely printed specimen, compared to a longitudinally
printed one, from the distribution of the maximum vertical
measure of voids, and hence the distribution of residual cross

sections along the specimen. We further assume that the resid-
ual strength of the specimens compared with the ultimate ten-
sile strength of the material is proportional to the estimated
residual cross section compared with the net cross section. It is
worth noting that the researchers mentioned above have main-
ly used ABS for their investigations, whereas we will use PLA
in this study.

There are other theoretical models for describing fracture
due to inherent voids, where the most widespread one is prob-
ably the Gurson model [26]. The essence of this model is that
it describes the role of hydrostatic pressure in nucleation and
growth of voids, hence explaining the pressure dependency of
some materials. However, this model is mainly applicable for
materials with ductile behaviour. This could exclude PLA,
which is reported as brittle [27–29], typically worsened by
ageing and exposure to moisture [30]. Also, because the voids
are not randomly distributed, but regularly structured holes
running across the whole cross section, the Gurson model
would need extensive modification to work for FDM
specimens.

Another approach for predicting the strength of FDM-
printed specimens could be through linear elastic fracture me-
chanics (LEFM), as the voids mentioned could be seen as
subcases of periodic notches/holes [31]. Notably, methods
for estimating the stress intensity factors for closely placed
rhombic holes with sharp edges, based on numerical calcula-
tions, are developed, e.g., the work of Savruk and Kazberuk
[32]. Research has also been done on fracture toughness of
FDM parts [8, 19]. However, using this as a predictive ap-
proach—i.e., investigating the development of cracks between
each single void—LEFM would need sufficient control over
the critical stress intensity factors in each domain of the tensile
specimen. This would be difficult due to highly non-consistent
thermal history and hence crystallinity and other material pa-
rameters [33].

It is worth noting that our method is not intended to de-
scribe the fundamental material mechanics around the voids,
but rather to work as an engineering assessment of what to
expect from FDM-printed parts due to reduction in residual
cross section. Understanding the impact of this factor would
be crucial for further investigating the influence of other phe-
nomena such as diffusion of polymer chains, fracture mechan-
ics and residual strain.

Fig. 15 Approach for analysis of residual cross section

5 mm

Fig. 16 Microscopy picture of
dimensions 2570 × 724 compiled
of three individual pictures
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4 Printing, tensile testing and microscopy
preparation of samples

First, a total of eight transversely printed and eight longitudi-
nally printed samples weremade simultaneously in an unmod-
ified Prusa i3 MK2 printer, with the process specifications
given in Table 1.

To keep the research as scientifically controlled as possible
(introducing few polymer additives), while maintaining it rel-
evant for most practitioners, uncoloured PLA filament with a
1.75-mm diameter was chosen for the experiment. The PLA
was stored in vacuum until printing and tested 2 days after
printing, where stored in an air tight container.

A dog bone geometry based on ISO 527-2-1B was
employed (as seen in Fig. 12), but its clamp section was made
16.4 mm wide (compared with the standard 20 mm clamp
section) to make it fit into the clamps of the tensile test bench.
The lay-up was equal to the 0° and 90° specimens in Fig. 5.

All samples were tested under quasi-static conditions with
a displacement rate of 0.2 mm/min. An assortment of the
results is seen in Fig. 13 and Fig. 14. The average ultimate
tensile stresses (UTS) were 38.5 and 60.4 MPa for the trans-
versal and longitudinal specimens, respectively, with standard
deviations of 1.2 and 2.4 MPa.

The failure load of the transversal specimens falls in be-
tween 61 and 66% compared with the mean UTS of the lon-
gitudinally printed specimens. As the latter failed in the round-
ed fillet, possibly affected by stress concentrations inherent to
the production method (from the discrete stepping seen in

Fig. 5, also noted by Ahn et al. [4]), these could have failed
prematurely.

5 Method and analysis

The proposed method will aim to find the residual cross sec-
tion through microscopy images of a segment of the tensile
specimens. The strategy employed is summarised in Fig. 15.

One segment of a single, transversely printed specimenwas
cut along its centre axis, sanded and polished for inspection.
Before inspection, the specimen was treated with dye pene-
trant for contrast enhancing, however avoiding dye penetrant
extractor (white fluid used for extracting dye penetrant, and
hence improve the visibility of cracks and defects) as this
tends to give a misleading geometry/size of voids.

Three individual microscopy images of the sample were
taken and combined, giving a total sample length of 29 mm
and a resolution of 2570 × 724 pixels. Due to global colour
gradients (colour differences not due to voids but
miscolouring), a simple global greyscale threshold for identify-
ing the voids would lead to misinterpreting the sizes of voids.
Therefore, the image was processed through ImageJ using the
Auto Local Threshold algorithm, which estimates the suitable
threshold of each pixel based on the colour of the pixels within
a radius of 100 pixels. There are different methods for deciding
the threshold level, where the Contrast method captured the
voids more accurately, i.e., giving the largest voids without

Fig. 17 Different threshold methods tried out, from upper left corner—Sauvola, Phansalkar, Otsu, Niblack, Midgrey, Median, Mean, Contrast and
Bernsen. Auto local threshold method, with local radius of 200 pixels

Fig. 18 Detail of same area with, from left to right—Sauvola, Phansalkar, Otsu, Niblack, Midgrey, Median, Mean, Contrast and Bernsen
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exhibiting unnatural artefacts, andwas therefore used in the rest
of the study (see Figs. 16, 17, and 18).

The image was then divided into cells, containing one “fil-
ament intersection” each, as shown in Fig. 19. Each cell was
scanned to identify the vertical pixel column in the cell with

the highest number of black dots (finding dijmax, where ij de-
notes the row/column index of the cell), assuming this value to
be constant throughout the cross section. The residual cross
section factor (rij) of each cell was then taken as:

rij ¼ 1−
dijmax

dcell
ð1Þ

where dcell is the height of the cell. These values were then
averaged over the column of cells, creating an average resid-
ual cross section factor for each column (Rj), as shown in
Fig. 20. Using equal cell heights, Rj is calculated as:

Rj ¼ ∑
n

i¼1

rij

n
ð2Þ

where n is equal to the number of rows in the speci-
men. This is the factor assumed to be proportional to
the ultimate strength of a single cross section, based on
the gross cross section of the specimen divided by the
strength of the bulk material.

Referring to themeasures fromFig. 19, the gross cross section
of the specimen (Agross) and the residual cross section (Ares) for
each column j read:

Agross ¼ W ⋅H ð3Þ

Ares ¼ Agross⋅Rj ð4Þ

The approach allowed for the maxima of voids in
each cell column to be horizontally misaligned to some
extent without affecting the results. This implies that
triaxiality was neglected since this is difficult to incor-
porate without considering more complex analysis, such
as finite element analysis (FEA).

The next step was then to estimate the weakest link
W, representing the minimum residual cross section
from a given sample size:

W ¼ min
j¼1→m

Rj ð5Þ

where m is the total number of columns in a given sample.
When estimating the weakest link in a sample size, and not the
specimen, it is necessary to incorporate a statistical perspec-
tive. The general procedure is assuming a Gaussian distribu-
tion of the residual cross-sectional factors and finding the
distribution of the expected weakest link within a sample.
An approximative Gaussian distribution, usingmean and stan-
dard deviation from the distribution of the residual cross sec-
tions, from a microscopy picture, is shown in Fig. 21.

Denoting the probability density function (PDF) for the
residual cross section factors and the cumulative distribution
function fR and FR, respectively, these provide the following
relationship:

FR ¼ ∫
x

0
f R dx ð6Þ

The cumulative distribution function (CDF) for the proba-
bility of the weakest link in a sample of size m would then be
the following:

Fm
W ¼ 1− 1−FRð Þm ð7Þ

Fig. 19 Detail of the cell division of the black and white picture, together
with the assumed geometry of the voids through the cross section. Cells
are shown sliced at dmax

Fig. 20 The magnitude and position of each cell residual cross section
fraction (rij) shown as red crosses, and average over whole column of
cells (Rj) shown as blue line

Fig. 21 Real distribution of residual cross section minimums, alongside
the probability density function of standard Gaussian distribution scaled
to the same numbers of samples
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which is a Weibull distribution, often seen in weakest link
problems. Moreover, its associated probability density func-
tion is:

f mW ¼ d
dx

Fm
W ð8Þ

This gives the probabilities for a sample of arbitrary size m
and print quality equal to the printed specimens, shown in
Fig. 22.

It is observed that as the sample size grows large, alongside
its decreasing value of the weakest link, the variance decreases,
as shown in Fig. 23. This should make the failure load estima-
tions more correct for larger samples. Due to the weakest link
effect, the distribution shows a steeper decline than incline,
indicating very low probability of a high strength outcome. As
a “rule of thumb”, for this print quality and size in the range of
100 lines of filament, it would be unlikely for a specimen to
achieve a strength of more than 70% of the strength of a void
free sample.

6 Comparison with experimental tensile test
data

The above probability values are all compared to a solid cross
section. Hence, to compare it to longitudinally printed ones,
this must be scaled accordingly as these also exhibit cross-
sectional reduction. As voids for longitudinally printed

specimens run along the axis of loading, the volume fraction
would be a sufficient scaling factor. Estimating the volume
fraction from the microscopy picture, yields vf = 0.9525.
Also, the print strategy used on the transverse specimens re-
sults in a wavy surface on its edges as shown in Fig. 24 (where
the nozzle changes direction), which collocates with the cross-
section minimums. An average over 15 “valleys” result in a
reduction in cross-sectional area of 5.8% (denoted εedges), and
variation in this measure is neglected.

The test samples had a straight section of 60 mm, which
results in m = 150 filament lines, when using a line width of
0.4 mm. Moreover, it is assumed that tensile failure would
arise when the axial stress in the weakest link reaches a critical
level and that this level is the same as for the longitudinal
printed specimens. Formally, this can be stated as:

F transverse

Agross⋅W ⋅ 1−εedges
� � ¼ F longitudinal

Agross⋅v f
ð9Þ

Under the above assumptions, this yields the probability
density function and cumulative distribution function for the
ultimate tensile strength shown in Fig. 25 and Fig. 26.

Fig. 22 a Cumulative distribution function. b Probability density
function for the weakest link in a sample of size n, in percentage of a
solid cross section

Fig. 23 Variance as function of sample size

Fig. 24 Curvy edges on the sides of the transversely printed specimens,
narrowing the specimen at the locations of maximum void concentrations
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For our data, the model gives a close yet slightly conserva-
tive estimate (about 5MPa discrepancy) and a matching shape
of the continuous distribution.

7 Discussion, limitations and further work

The method proposed herein gives a close estimate on the
expected distribution of failure loads of transversely printed
specimens based on the failure load of longitudinally printed
specimens. However, in this case, the method predicts a lower
outcome than the physical experiments. As the approach ne-
glects incomplete atomic diffusion and fracture mechanics, it
would lead one to assume that the estimate would predict a
higher strength than the physical experiments. The discrepan-
cy could be explained by possible premature failure of the
longitudinally printed specimens due to stress concentrations
in the fillets of the tensile samples. The residual cross section

estimation method using a series of microscopy pictures could
also be the origin of this under-prediction of strength.

However, according to our proposed model, there is reason
to believe that for specimens of PLA, much of the anisotropic
behaviour could be explained directly by the reduction in re-
sidual cross section. Due to this effect, the probability of
achieving a relatively high strength sample diminishes fast
with increased specimen length.

The proposed method is only suitable for the prediction of
failure loads for transversely printed specimens. Also, our
method is only assessed for PLA, which is the dominant ma-
terial in practitioner’s usage, although less used in previous
research.

The method should be further verified by design of exper-
iment techniques, such as Taguchi methods or factorial design,
to investigate the influence of different printing conditions on
the void sizes and position, and whether the resulting voids
can explain the changes in tensile capacity. This approach
could also be validated for different printing orientations, or
for finding the influence of void sizes on other capacity mea-
sures such as ultimate compressive strength and ultimate shear
strength.

Another important aspect that should be investigated is the
through-thickness properties of the voids. The element of
stress triaxiality and fracture could also be investigated, using,
e.g., FEA and experimental fracture toughness tests. The men-
tioned aspects would all be important for future application of
this model, whose ultimate aim is to link the bulk material
properties and the structural properties of a printed part.
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