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ABSTRACT
Additive Manufacturing has seen a rapid growth in the last few years, with
industries considering it as a viable manufacturing process that is redefining product design
and supply chain. The recent increase in public awareness and interest in additive
manufacturing has been a great boost for material extrusion systems for 3D printing, with
such systems becoming readily affordable and easy to use, promoting hands-on experience
with polymer printing. Material extrusion has progressed from being a novel process with
expensive machinery to a cheap, easy and relatively fast method for 3D printing. This has
helped it transition from a cumbersome process to one for teaching additive manufacturing
and prototyping at very low costs and lead times. However, the ease of material extrusion
may also cause it to become the go-to manufacturing process for the user in every case.
This necessitates the user to be aware that material extrusion may not be the ideal process
in every case, and more importantly understand how one can make the selection of the
appropriate additive manufacturing process.
This thesis focuses on the design and implementation of software algorithms and a
mobile application to help users evaluate the feasibility of fabricating parts using material
extrusion. The algorithm uses novel voxel-based manufacturability analyses, which takes
the desired STL file as input and generates a voxelized model with supports. Using the
voxelized model and specified machine parameters, the software estimates build time,
weight of material required for the part and supports, and the cost of 3D printing the part,
allowing users to make an informed decision on process selection. Additionally, the visuals
generated by the algorithm also allow the user to determine the appropriate build
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orientation. Experimental benchmarking was performed on the algorithm, where after
careful selection of experimental parts to be printed, the algorithm’s predictions are
compared to experimental results for validation. The final version of the algorithm and
code serves as the backbone for a mobile application, built with an easy to use interface for
rapid visual evaluation of parts in terms of orientation, build time, and cost of printing.
Ongoing and future work along with potential uses are also discussed, with the final goal
of making the application ready to be downloaded and utilized by any user.
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Chapter 1
Overview of Material Extrusion and Research Motivation
Additive manufacturing (AM) has emerged as a viable production technique over
the last decade. It challenges traditional manufacturing processes with the flexibility it
offers in part design and fabrication, overcoming the limitations posed by other processes.
The manufacturing industry has been quick to realize the potential of AM [1]. Numerous
companies offering AM services have emerged over the past few years, as well as various
existing firms embracing AM and investing in the technology, with the goal of keeping
pace with the future [2]. AM offers extensive freedom in design and allows one to
manufacture parts with greater geometric complexity than previously possible. With
additional advantages such as part weight reduction, embedding and printing of assemblies
[3], the long-term benefits for various industries and their supply chains are of particular
interest to such companies [4]. Another major facet of AM is the research opportunities it
offers, being a relatively new technology with plenty of areas yet to be satisfactorily
researched upon [5]. With the market value and public interest increasing over the past
few years, there has been a tremendous growth in research projects and investment for
research in AM.

Through such groundbreaking research, companies and academic

institutions are making advancements in the various aspects of AM.
AM is different from traditional processes due to the addition of material to
manufacture a part, instead of removing material from the feedstock. A part is printed by
layer-wise deposition of material, fusing each layer to the preceding layers of the material.
This has given rise to various processes in AM for making parts, with the fundamental
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principle of producing parts by layered manufacturing as their platform. The major
difference among the processes revolves around the method utilized to fuse the layers, such
as melting, binding, curing, sintering etc. [6], and their suitability to specific materials.
Each has its advantages and limitations, with criteria such as geometric complexity and
cost of manufacturing key factors in selecting the appropriate process.

The

ISO/ASTM52900-15 defines seven categories of AM processes: binder jetting, directed
energy deposition, material extrusion, material jetting, powder bed fusion, sheet lamination
and vat photo-polymerization [7]. In terms of material, the two major classifications in
AM are polymer-based and metal-based, based on the constituent material. Major metal
AM processes use methods such as melting and sintering to fuse metal powder through
means such as plasma, laser, electron beam etc. in order to create fuse successive layers of
a part [4,8].
In the case of polymer printing, different methods are used to build the part based
on the form the build material is present. For example, filament based materials utilize
extrusion to build a part, while powder based materials use sintering for fusion. This will
be discussed in detail in the following section. In this study, the focus of the discussion is
on material extrusion based polymer printing. The concepts and algorithms discussed are
also valid for other AM processes, with relevant modifications making them applicable to
a specific machine, material, or process. In the remaining sections of the chapter, an
overview of the polymer AM process, material extrusion based printing and research
motivation for the work are presented.

3

1.1 Polymer Additive Manufacturing: Material Extrusion
AM began with the development of the stereolithography process by Chuck Hull
and commercialized by 3D systems, with the process relying on the addition of layers by
curing photopolymers with an ultraviolet laser [9]. Other processes such as powder bed
fusion (PBF) utilize powder polymers like polycarbonate powder instead of fluid material
like stereolithography. The PBF process uses a laser to sinter the powder present in each
layer based on the g-code generated from the part. Once the sintering for each layer is
completed, a roller is used to coat the powder onto the next layer for sintering. PBF for
both powdered polymer and metal exist, with the metal systems, also known as Direct
Metal Laser Sintering (DMLS) systems employing a laser system with greater energy than
polymer systems due to the relatively higher sintering temperature of metals [9]. The most
popular AM process, however, is material extrusion, developed in 1988 and
commercialized by Stratasys in 1992 [9,10]. Material extrusion can be used for many types
of materials, such as thermoplastics, rubbers, ceramic material and modeling clay. The
material is initially in filament form, which is fed into a heated nozzle head at a controlled
rate. The nozzle head melts the material to a molten state, which is extruded by the nozzle
in the form of a stream. The material hardens quickly to form a layer of deposition.
Deposition is controlled by the nozzle, which can turn on or off depending on the structure
of the part being printed.
Motors are employed to control the movements of the nozzle head in the horizontal
axes and adjust the flow and velocity of its movement. The movements of the motors are
controlled by a microcontroller, which utilizes the g-code data generated from the CAD
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file of the part being printed to determine the toolpath of the nozzle head for each layer.
As each layer is completed, the build plate moves down, and the printing of the next layer
is initiated, with the material being deposited fusing with the layer printed previously. In
the case of structures with unsupported overhangs, which may not be possible to print, the
toolpath also includes support structures which act as a platform for the overhangs to be
printed on.
Depending on the machine, the user can use the same or a separate material (using
2 or more nozzles) for making the support structures, with materials meant for printing
supports often having properties which make them easy to remove from the completed part.
A dual extrusion system can have other functionalities as well, such as composite inserts
in printed parts [11]. Figure 1-1 shows a schematic of the material extrusion process.

Figure 1-1: Illustration of material extrusion [9]
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Though many companies are more interested in metal AM due to the importance
of metal products in the current market, metal AM requires immense investment due to the
high machine and maintenance costs. Materials such as metal powder are much more
expensive when compared to polymers used for printing. Metal AM also requires a
complex and often large setup, and a controlled operating environment [8]. On the other
hand, in polymer printing, processes such as material extrusion are compact and easy to
install and use, making them favorable to users not inclined to pay high initial costs and
those involved in non-commercial printing. This is particularly beneficial for activities
that have a large number of prints or numerous participants, such as prototyping, teaching,
and academic projects. These features also allow an easier hands-on approach to printing,
with issues such as loss due to build failure being significantly lower than metal AM. The
key reasons for material extrusion becoming the most common process today are
affordability, ease of using, and versatility of the materials that are suitable for it [12].

1.2 Research Motivation
AM is generating a lot of interest in the manufacturing industry, with companies
gradually adopting and incorporating it into the production of various products [9,10,13].
As an effect of this, there has been an increase in the demand for professionals in the field.
This necessitates the incorporation of AM in student education, with a focus on bridging
the gap between the industry’s expectations and the education imparted to students, which
is especially critical in a field like AM which is growing rapidly [14,15]. Though the
interest in the industry is majorly in metal AM owing to greater potential applications than

6

polymer printing, AM education is initiated with polymer printing, with the student
transitioning to metal AM afterward. This primarily occurs for two reasons. As discussed
before, affordability is a major factor. Setting up metal AM systems for training students
is an expensive affair and requires a lot of investment from the educational institute. In the
last few years, STEM programs in schools have begun to introduce AM to children through
programs such as the Manufacturing Experimentation and Outreach (MENTOR) program
[3], with the aim of arousing interest among students and enabling them to learn the basics
of 3D printing and its potential. Academic organizations may not have the necessary funds
to install a metal AM facility, making it difficult to teach such a subject. Operating costs
are high in metal AM as well, with parts costing well into thousands of dollars at times due
to the material and machine usage costs [8]. Secondly, the simplicity of the process is
critical for educating school and university students about AM. Metal AM processes have
a much more complex system, with extensive operating procedures in place. A lot of
information is required on the students’ part for learning to use such a setup, which is not
always practical, especially among school students who may not have the required depth
of knowledge to process such information. Additionally, certain processes such as DMLS
can be hazardous due to the use of metal powder [16]. Care must be taken while operating
the system as breathing the powder can be harmful for the user. Such regulations are
impractical when teaching a large batch or students and these conditions increase the
probability of problems caused by the hazardous environment and become costly to
implement as well.
However, not all polymer AM processes are easy to use and affordable when
compared to metal, and it is not possible to use them interchangeably in this regard. PBF
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for polymers has an expensive machinery and setup, with a similar hazardous environment
as seen for metal, though not necessarily as detrimental to health [17]. Stereolithography
has running cost issues, with expensive photopolymers being used as the build material
which is difficult to handle [1], making it impractical for hands on experimentation,
especially in the case of a large batch of students. The process has a very good accuracy
but is very slow, making it unfavorable for demonstration purposes. The recent increase
in public awareness and interest in 3D printing, especially Material extrusion processes
like Fused Deposition Modeling (FDM)®, has been a great boost for manufacturers of
material extrusion machines, polymer printing industries [14] and AM research and
coursework [15]. Material extrusion strikes a good balance when considering these factors.
The material extrusion machines are compact and easy to install and use. Depending on
the budget and requirements, this allows multiple machines to be installed, unlike large
machines which are cumbersome and require large spaces and power requirements.
Additionally, material for extrusion such as Polymerized Lactic Acid (PLA) and
Acrylonitrile Butadiene Styrene (ABS) are readily available and not expensive [18]. This
is important for experimental and course work, as a lot of material is used, especially if the
number of trials or students is large, and sometimes wasted due to issues such as failed
builds. These advantages also encourage a hands-on approach to 3D printing, allowing
students to learn from their experiences and see how factors such as orientation, layer
thickness etc. alter the properties of the part being printed.
The focus on AM in university education is being given great importance, based on
the growth of the industry and the demand for qualified individuals.

Today, most

university students have access to 3D printing facilities, and AM is an integral part of many
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engineering curricula [19].

Several universities also have outreach programs and

workshops to teach a range of audiences about 3D printing, from current professionals to
school children [20]. Some universities also provide their students with access to material
extrusion machines for 3D printing prototypes, designs, and project parts [21], in ventures
called maker spaces. At Virginia Tech, the DreamVendor, an “AM vending machine” [22]
powered by desktop-scale extrusion-based AM, was developed to provide students with
broad and unrestricted access to basic AM capabilities and promote self-learning. A
similar venture exists at Penn State, with the MakerCommons’ 32 extrusion-based printers
allowing any of Penn State’s 100,000 students to get better acquainted with 3D printing
and design for Additive Manufacturing (DfAM) [23]. Furthermore, in order to prepare
more students for AM industries, Penn State will initiate a residential and online master’s
program in AM with multidisciplinary courses starting from Fall 2017 [24]. Such steps
show how far AM has come along in the last few years. Countless industries and academic
research centers are also adopting the use of AM with polymers for prototyping purposes,
especially for new product development, encouraging professionals to learn about AM.
There has been a steady increase in 3D printing products and services [25], with consumers
using their knowledge of AM to customize their products and even be involved in the
design of products wherever possible.
Despite this growth, it is important for users to understand the feasibility of using
material extrusion to 3D print a desired part [1]. Though students learn about traditional
manufacturing processes during the course of their education, due to the difficulty in
accessing and using processes like machining, they have very little or no hands-on
experience in this field. In addition, the utilization of such machines or facilities usually
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occurs through a skilled individual who manufactures the product the consumer pays for,
and most products are ready-made and part of a large-scale production, and thus not
customizable. Hands-on work on traditional manufacturing machines is also considered
dangerous and one which requires a certain amount of skill, unlike 3D printing which is
similar to any modern automated system in this aspect and requires very little hands on
interaction with the machine. Despite traditional manufacturing processes becoming
automated, as in the case of computer-numerical control (CNC) tools, students tend to opt
for producing parts using material extrusion as it is simpler to use. Furthermore, AM does
not require the use of jigs, fixtures, complex tooling, or coolants [1].
However, AM may not always be the best choice, as machining parts can be
cheaper and less time-consuming than printing in certain cases [18]. This necessitates
educating individuals beyond the basics of producing parts by material extrusion [18-20].
This does not necessarily mean in depth study and analysis of the process, rather
inculcating among the students the ability to compare various manufacturing processes and
selecting the right one for a desired part. Lynn et al. [26] have published a study on
developing a framework for engineering design education for university students for
manufacturing processes and process selection with the aim of covering traditional
manufacturing and AM. They emphasize the dominance of traditional manufacturing, or
subtractive manufacturing (SM), in industry despite the emergence of AM. This is a major
incentive for students to not neglect SM when designing and manufacturing parts. The
framework also stresses the need to develop students’ thought processes to consider both
SM and AM for producing parts, and develop analysis tools to aid in the same. They
developed Sculptprint, an analysis tool for SM focused on turning and milling operations
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[27]. Based on the part to be produced, input parameters and machining configurations,
the software is able to simulate its toolpath and pinpoint various issues in the process
caused by the part’s design, such as corners and surfaces inaccessible for a tool, as shown
in Figure 1-2 which depicts turning, where a standard diamond insert tool is unable to cut
the region underneath the head of the pawn, as the area is unreachable. Figure 1-3 is an
example of the milling process, where only an end milling tool is used, with the deep blue
region on the sides highlighting the unmachinable parts as there is no side milling. It also
allows students with little experience with CNC machining to produce complex parts such
as the one shown in Figure 1-4, which would otherwise have required a skilled operator.
This is critical for metal parts with complex geometries, as students have more access to
CNC machines than metal AM ones, and it is usually the cheaper of the two, especially for
larger build volumes.

Figure 1-2: Example part for turning analysis [26]
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Figure 1-3: Example part for milling analysis [26]

Figure 1-4: Progression from part model to plastic and aluminum parts using Sculptprint [26]
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In the case of AM, the study identifies support generation, build time and amount
of material as critical factors for selecting AM as the manufacturing process, with the aim
of developing an analysis tool for aiding in this selection. AM itself has a lot of variation
among its processes which requires careful consideration when selecting an AM process
and material, as pointed out by this study. Focusing on quantitative components is
necessary as they are easy to compare, such as weight, build time and cost, and will be
discussed in detail in the following section.
A major aspect of manufacturing a part is its design. Though a part is designed
keeping in mind the required functionalities, the designer must also take the manufacturing
process into consideration. Designing parts for SM and AM has a lot of difference, as it is
necessary to utilize the advantages a given process offers in a design, at the same time
having design considerations keeping in mind its limitations. There is a lot of focus on
DfAM, especially in university courses and AM industries [28], and a lot of research has
been done on manufacturability analysis for AM based on design for manufacturing (DFM)
[28]. Specifically, several researchers have investigated methods for automating the
identification of manufacturing constraints associated with feature size, support material,
and manufacturing time, as discussed in the next chapter. However, there has been no
unifying approach that simultaneously computes these factors and uses the results to inform
designers about their processing decisions, especially in a quantifiable manner which is
easy to understand and compare.
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1.3 Objectives
The goal of this research is to develop an easy to use and quick software solution
that assists designers with 3D printing, automating the assessment of the manufacturability
of their designs. This research has been performed as an extension of the research
discussed in [26], where the requirement of an assessment tool in AM was highlighted. As
previously discussed in this chapter, the solution revolves around presenting quantified
data to help users to make informed decisions about process selection. The implementation
is demonstrated using material extrusion, but it is extensible to other processes, where the
various steps and toolpath followed in each process is incorporated into the algorithm for
the software.
Based on user inputs and the STL file of the part, we use a voxel-based method to
calculate the design and processing factors that impact its manufacturability. The voxelbased model employs ray casting, allowing for simultaneous computation of the voxelized
structure of the file, which in turn is used to calculate these factors. The software solution
is embodied in the form of a mobile application, with its algorithm designed and
implemented on MATLAB. Figure 1-5 shows a schematic diagram of the steps followed
in the algorithm.

Input
Polygonal
Models

Identifying
thin
features

Identifying
undersized
negative
features

Support Material Generation
Map normals stored during voxelization to corresponding voxels
Calculate volume of support material and surface contact area
Determine orientation corresponding to minimum support
material requirement

Void
Detection/
Removal

Voxel Representation
Record intersections and store filled and empty voxels
Store normal vectors of facets crossed

Build Time
Estimation

Toolpath Generation

Figure 1-5: Schematic diagram of the steps integrated in the proposed voxelization algorithm
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This thesis discusses how the voxelized model is used to perform build time and
printing cost estimation and the various ways its outputs are utilized for evaluating
manufacturability. First, the algorithm for the build time and cost estimation is built using
the toolpath for material extrusion. This is then incorporated into the MATLAB code based
on the work done on voxel representation in MATLAB in [29], completing the initial
prototype of the software. The outputs were then verified with a series of experiments,
which were used to alter the algorithms based on observations made during printing and
subsequently determining the final algorithms for each output. The process is discussed in
detail in the following chapters, along with how the manufacturability of the part is
analyzed and voxelization is implemented for generating build time and cost.

1.4 Overview of Thesis
This thesis is organized into seven chapters. The next chapter introduces the
workflow in polymer AM, design principles in AM, voxelization representation performed
in [29], and its implementation in 3D printing and the mobile application. The chapter also
covers the background and literature review on the use of mobile applications in AM.
Chapters 3 discusses the various parts of the algorithm and its workings, while Chapter 4
delves deeper into the build time and cost estimation algorithms and functions that have
been developed for the application as part of this thesis. Chapter 5 deals with the
experimentation that was performed for testing the algorithm, and compares and contrasts
the variation in experimental and generated values, highlighting the refinements made
based on the results. Chapter 6 entails the implementation of the code written in MATLAB
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based on the algorithm into Android Studio, in order to create a mobile application that
will be accessible to users. It also discusses the initial implementation and current
capabilities of the mobile “App”. Chapter 7 summarizes the contributions of the thesis and
provides recommendations, limitations and the scope of future work.

Chapter 2
Literature Review
To create an assessment tool for manufacturability in AM, it is imperative that one
understands the workflow of material extrusion and DfAM principles. The material
extrusion process and its workflow are discussed in the following section. This chapter also
covers voxelization in detail, demonstrating how the work done in [29] is used as a platform
for the research for this thesis. The rest of the chapter reviews relevant background on
DfAM and manufacturability analysis tools, build time and cost estimation software for
AM that are available today, and the utility and requirement of such factors in DfAM.

2.1 Workflow for Material Extrusion
A workflow for any manufacturing process defines an easy to follow procedure that
even a user with minimal knowledge of the process can follow in order to successfully
fabricate a desired part. The workflow for material extrusion is divided into various
segments (as shown in Figure 2-1) based on the generic workflow for AM, which is
elaborated next. This can vary depending on the requirements of the user and machine. The
following subsections discuss the role of each segment in the workflow.
Designing of Part (CAD)
with DfAM Principles

File Transfer
and Slicing

Part
Build

Post Processing
and Inspection

Figure 2-1: Workflow for Material Extrusion

Final
Part
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2.1.1

Designing of Part (CAD) with DfAM Principles
A fabrication process is initiated with the designing of the part required. The

critical requirements and desired functionalities are incorporated into the design, along
with any restrictions that should be considered. The design should minimize cost and
material usage, and be able to inculcate features which account for the advantages and
limitations of using a certain process. Thus, the use of DfAM is critical when it comes to
designing parts for material extrusion. AM offers a considerable amount of design freedom
and the possibility of customization without significant increase in production costs [30].
Factors of geometry such as draft angles, uniformity in wall thickness and conforming to
standard geometrical figures can be sidelined to a large extent with DfAM. Another major
advantage is integration of assemblies, where an assembly of multiple parts can be
substituted by a single part design as a complex combination of the multiple parts. The
complex part will usually have features such as internal geometry and unmachinable
sections, which are now possible to fabricate using AM [9].
Beyond geometry and structure, AM also allows users to control the properties of
the part through material and density selection. Though material selection is critical to
traditional processes too, SM utilizes a stock from which the part is made, which is usually
not accessible to the designer and only the manufacturers. Additionally, the properties of
the stock cannot be altered. Based on required material properties, AM allows one to select
a material for the part to be printed with from a wide range of options [31,32], and gives
greater control over material properties such as part density (via variation of infill) [32,33],
and the use of lattice structures for light weighting the part without compromising on the
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part strength [34]. AM processes utilizing powder feedstock as the build material also
require properties such as part density to be considered [35].
Shape complexity is another feature of AM design. As previously mentioned, the
use of lattice structures for light weighting is common in AM. This gives a combination
of high strength and low weight, difficult to achieve in traditional processes due to issues
in tool accessibility [9]. Using layer-wise printing, fabrication of such small, complex and
numerous structures is highly feasible. AM also negates the requirement of complex
tooling and the use of fixtures. Moreover, such features and the possibility of producing
parts with a lot size of one and a great degree of complexity is critical for various
applications such as part repair and medical applications.
However, AM has its own set of limitations, albeit difference from traditional
processes in some cases. Surface finish is a major issue in material extrusion, with features
such as spherical holes and bosses highlighting the stair stepping effect seen during the
deposition of multiple layers, especially for higher layer heights [36]. Though this can be
improved by building thinner layers, this is detrimental to build time, as the increase in
build time is inversely proportional to layer height for material extrusion [30]. Another
major problem that designers face is limitations in designing parts on current CAD systems.
Representation of design, especially microstructure representation is of particular interest
for a researcher in this area [30,37]. For this study, the CAD representation is critical for
visualization and calculations. Voxelization has been adopted for this purpose, which is
discussed in detail later in Section 2.
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2.1.2

File Transfer and Slicing
Once the design on the CAD software is complete, the data should be prepared for

g-code generation. Several steps are necessary prior to this. First, the data is exported in
the STL file format, as only the surface geometry is critical for printing. The STL file is
imported into a commercial slicing software, such as K Slic3r [38] or MAGICS [39]. The
software uses the STL file to create slices along the vertical (Z) axis, with the height of
each sliced based on the desired layer thickness. The slices are then compiled as a
cumulative stacked structure, as shown in Figure 2-2, giving a visual representation of the
part to be printed, with the variation in surface features between the tessellated structure
and the sliced version now visible.

Figure 2-2: Slicing Process - a) CAD model, b) STL file, c) STL file divided into layers [40]

There are certain design aspects which require slicing to be performed, in order to
be evaluated and changed if necessary. These softwares offer the user the ability to do so
without having to alter the STL file. Each aspect is discussed next.
•

Support Generation: Supports for material extrusion are classified as internal and
external supports.

External supports are used for overhangs and sloping wall

structures, while internal supports are needed for the top surfaces of hollow sections,
such as holes. External supports are avoidable in certain circumstances for sloped
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walls based on the angle of the slope, as shown in Figure 2-3. Each square depicts
one layer, indicating that the complete CAD file and slicing are critical in order to
determine the requirement of supports throughout the build [41]. Once support
generation is complete, it is necessary to assess the areas requiring supports and
determine if they can be redesigned in order to reduce or eliminate supports [42].
These steps are necessary for reducing material usage and post-processing time.
Supports are also detrimental to the quality of the surface they are attached to and
should be avoided where possible.

Figure 2-3: Support generation based on sloping wall angles [41]

•

Part Orientation: Various factors must be considered while selecting the best
orientation for the part to be fabricated. These include height in the direction of the
Z axis, surface finish, area of the base and mechanical properties [41].

Part

orientation also works in combination with support generation, as the amount of
support can vary depending on the orientation. However, an orientation may also be
chosen based on the ease of support removal. Figure 2-4 depicts an example of
orientation selection based on ease of support removal and surface quality over part
height and build time.
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Figure 2-4: Support generation of part after optimal orientation selection [37]

•

Scaling: In the case of parts that do not have rigid requirements for overall
dimensions, scaling down is recommended for reducing material usage and build
time. However, care must be taken that all structures within the part are large enough
to be successfully fabricated [42].
Additional software performs toolpath generation for the part once these design

aspects have been finalized. This is expressed in the form of g-code, which is followed by
the machine in order to generate the toolpath for the nozzle head throughout the build, and
ascertain whether deposition is required or not at over the entire surface of the build for
each layer. Figure 2-5 encapsulates the various functions performed in this step.

Figure 2-5: Slicing for AM processes [41]
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2.1.3

Part Fabrication
The next step in the AM workflow is part fabrication. This is initiated by machine

parameter selection on the machine specific software. This software also allows the user
to place the part, which is especially important in the case of multiple parts for optimal
usage of time. The g-code for the part is generated at this stage, which is interpreted by
the printer. Certain software such as Makerbot [43] offer build time estimations, but these
are not always accurate, as discussed in detail in Section 2.5.

2.1.4

Post Processing and Inspection
Post-processing for polymer AM is much simpler compared to metal AM [9,44].

This includes removal from the build plate, removal of raft and supports (if present), and
improving surface finish by polishing or machining. This may also be needed in cases
where the support and build material are the same, which causes the surface quality of the
part-support interface to be poor after support removal. Machining can also be done to
increase dimensional accuracy.
Various defects may be induced during printing, making it necessary to identify the
cause of such defects, as certain defects can be removed by redesigning the part. A major
use of polymer AM is prototyping and is implemented for both reduction/removal of
defective designs, and redesigning prototypes for functional improvements.

This is

signified by the cyclic nature of the process seen in Figure 2-1, and once a satisfactory
prototype is printed, it becomes an acceptable final part.
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2.2 Manufacturability Analysis Tools
Manufacturability analysis for any manufacturing process is important due to the
shortcomings seen in CAD software, as they are tailored to traditional processes. Research
on this topic revolves around analyzing the part design using an algorithm constructed for
the purpose. To evaluate the manufacturability of a given part to be fabricated using AM,
the general approach observed focuses on decomposing a design into its constitutive
elements. Various authors have created algorithms to analyze each element and evaluate
the overall manufacturability of the part. An example of this would be the work done by
Lockett and Guenov [45] on recognizing molding features in injection molding using a
graph based feature recognition algorithm. A different approach is used by Gershenson
and Prasad [46], analyzing the different constituents of a given design using component
tree diagrams. Though algorithms such as the one developed by Brunetti and Golob [47]
is more complex with more advanced factors such as material, mechanical properties and
orientation being considered, the basis of the algorithms remains a graph-based feature
identification approach.
Feature identification has been implemented in AM in several cases. Liu [48]
proposed a feature based approach for AM, which uses a feature recognition graph with
appropriate weighting assigned to each feature. Joshi and Chang [49] developed the
Attribute Adjacency Graph (AAG) technique which identifies machined features. AAG
was adapted for DMLS by Ranjan et al. [50], in order to identify sources of error in the
part design and develop design guidelines based on these. Furthermore, Rosen [51] defines
manufacturing elements (MELs) to aid process planning for discrete sections of a given
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part, especially parts produced using cellular structures. MELs gravitate towards shape
specific process planning, rather than generic process planning methods used in the
previously discussed studies. Kerbrat et al. [52] developed an approach for evaluating
manufacturability for hybrid manufacturing, allowing one to assess a part and select an
ideal production technique. The paper defines two types of manufacturability indices, (1)
local and (2) global. The former provides details on sections of the part difficult to machine
or print, while the latter encompasses information with is relevant to the part as a whole.
Based on these two indices, areas that are difficult to machine or print are identified, along
with potential alternative processes which may be employed to fabricate these regions,
creating a part produced by a combination of subtractive and additive manufacturing
processes.
Research in developing manufacturability analysis tools for AM focuses on various
constraints due to factors such as feature size, support material and production time, with
varying goals in mind. Each of these is necessary to be incorporated, however as each tool
has been developed independently, there is a lack of a comprehensive tool for the
requirements of AM design.

2.2.1

Minimum Feature Size
The minimum feature size of parts during 3D printing is based on the type of AM

process and resolution of the machine being used [53]. Additionally, based on the desired
strength, a minimum wall thickness should be maintained throughout the part.

Several

methods have been proposed in the literature for determining the thickness of 3D parts:
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•

Medial Axis Transformation (MAT): Nelaturi et al. [54] provide a manufacturability
feedback model in terms of a printability map using MAT, based on resolution errors
encountered in AM design from mathematical morphology and medial axis theorem.
However, MAT is extremely sensitive to small noise, resulting in many unwanted
branches in the skeleton that must be removed. Also, special care should be taken to
compute the corners, which results in extra computation time, and hence thickness
maps for intricate shapes are difficult to compute.

•

Distance Transform: Direct Transform is a widely used technique for analysis shapes
of 3D objects for a variety of processes, such as die casting [55]. Distance transforms
have been used for accurate expression of voxel-based models and are discussed in
detail in the following section.

•

Polygonal offsetting: Offsetting operations on a solid have been defined by Rossignac
and Requicha [56].

Although it is beneficial for geometric accuracy, offsetting

algorithms generate offset segments that can self-intersect each other. This requires
that excess intersection to be trimmed away. Many areas between points, edges,
boundaries, surfaces etc. need to be carefully examined during implementation, which
can be complex and time-consuming for a three-dimensional polygonal model. Other
than this, Chen and Xu [57] have proposed a new computational method based on
point-based offsetting operation of polygonal models for manufacturability analysis,
based on minimum feature size.
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2.2.2

Support Material

Generating support material for a given part is a critical feature of software for material
extrusion. There have been few algorithms in the literature to design effective support
structures. Das et al. [58] provide a method for calculating support structure volumes with
the use of a point Quadtree. Strano et al. [59] developed an optimization algorithm to use
pure mathematical 3D implicit functions for the design and generation of cellular support
structures. On the commercial side, ZMorph has developed Voxelizer [60], which uses a
voxel-based representation to calculate support structures. Based on these, it is seen that
generating support structures is easier for voxel-based models, and are discussed in detail
in the following section.
Such approaches for feature recognition are better suited for AM processes, but
they fail to address several limitations, including but not limited to the number of features
that can be recognized and handling of topologically complex parts [45]. It is necessary to
adopt a technique more attuned to layered manufacturing, especially the functional
similarities seen in the toolpath for AM processes. A voxel-based approach is better suited
for AM processes with several features relatable to parts made by material deposition.

2.3 Voxelization in Additive Manufacturing
A voxel represents a unit of graphic information on a regular grid in threedimensional space. Voxelization of a 3D object is the process of representing it as a voxelbased model. Recent advancements in areas such as volume graphics, volume rendering,
medical imaging, and simulation have increased the importance of voxelization of 3D
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objects [61,62]. A common feature in such applications is the ease of visualization and
location calculations on voxelizing the 3D object. For AM processes such as material
extrusion, several features make voxelized models comparable with the printed part. An
STL file contains nothing more than the surface geometry of the part, thus obtaining certain
other unrelated but critical data regarding the part becomes difficult.

2.3.1 Advantages
Various factors make voxelized models a reliable representation for material
extrusion [63]:
•

Visual Referencing: The voxel-based model for a part is an excellent visual reference
of printed parts. As parts are printed in layers in a linear fashion, each line of deposition
can be compared with a row of voxels. On a bigger scale, voxels give the appearance
of stacked building blocks, which is an accurate visualization of parts made by
extrusion. Various features such as surface finish are easy to evaluate based on
voxelization, with factors such as the staircase effect becoming easier to visualize.
Dimensions of the voxels are determined based on the desired resolution. In
the case of material extrusion, if the vertical axis corresponds to the build direction,
then the voxel height can be taken as the layer thickness. Variation in the three axes
can determine the accuracy expected from the print, as seen in Figure 2-6. Such a
representation and comparison also allows for the selection of an appropriate layer
height, which is crucial for build time and cost estimation. STL files and traditional
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representations usually show smooth surfaces for the part, thus giving a false indication
of the expected surface finish.

Figure 2-6: Voxelization of 3D Object [64]

Another major use of visual representation is analyzing contact surfaces. This
feature can be used to estimate part strength in certain localized regions based on the
voxel density and the degree of contact with surrounding voxels. Areas that can
develop support and others that require support may also be identified based on
voxelization; a visual example of this can be seen in Figure 2-3. Voxelization also
allows the determination of errors in the print due to suspended voxels, and sections in
the part which are smaller than the voxel resolution. This is a critical element of the
algorithm in this study and is discussed in detail in Chapter 3.
•

Mass and Volume Estimation: Volume and mass determination become convenient
with voxelization. As the volume and mass of unit voxel are known, it is used to
generate the overall values based on the total number of voxels present. This is
especially useful for complex topologies. Volume estimations also increase accuracy
in certain geometric applications of part volume and dimensions, such as tolerancing
and interference detection.
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•

Material Specification: For printers with more than one nozzle and capable of printing
two or more different materials, voxels with coloration make it easier to visualize the
sections on the part each material is to be deposited, giving a better representation than
the STL file, as STL files do not capture or specify material data.

2.3.1 Limitations
There are, however, certain issues with using voxelized models, which must be
taken into consideration when using it for computation purposes.
•

Design Tools: Voxel-based models are not used by most design software; thus, editing
the voxelized models and creating new models is difficult and slow. Therefore, voxelbased models are not compatible with CAD modeling software. For this study, the
voxelized models are used for calculation and visualization purposes only.

•

Rendering Complexity: Rendering is a critical feature for any design tool. It is
important to maintain a high refresh rate for display update and interactive rendering
during activities such as part rotation, zoom, etc. A voxel-based system can be overly
complex for many operating systems and hardware, with better graphic and hardware
required for the desired speed when rendering.

•

Memory Issues: Voxel-based models require a large amount of memory [65]. This
increases with the resolution, as seen in Figure 2-7. A fine balance is required between
rendering complexity and memory, as an increase in one is detrimental to the other.
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Figure 2-7: Memory size comparison of different voxel resolutions [65]

Returning to the techniques discussed in the previous section, Telea and Jalba [66]
use a voxel-based approach that relies on Distance Transform and morphological
operations to perform manufacturability analysis for AM. They classified voxels based on
geometry and identified common issues in printing bridges, spikes, and holes. However,
not all regions that are detected after Distance Transform are useful, and extra topological
analysis is required to detect thin features and classify them as critical, based on defined
metrics which increases computation. Additionally, this method is not fully automated.
The implementation of Distance Transform in the literature has been limited to date due to
low-resolution voxel models.
Voxelization in this study is the backbone for build time and cost calculations as
well as support generation. As previously mentioned, the voxelization aspect for the
mobile application has been adopted from the algorithm based on [29]. Emphasis on
calculation is greater than visualization benefits, primarily because voxel-based models are
not sustainable for mobile phone graphics and memory. This is discussed in further detail
in Chapter 6.

31

2.4 Mobile Applications in Additive Manufacturing and Related Research
There are several mobile applications available pertaining to AM. Most of these
cater to material extrusion as it is the most common AM process, and more importantly
readily available, with consumers having easy access to these machines, and in many cases
buying and installing machines for their personal use. The mobile apps can be classified
into various categories based on their functionality. Cost estimating applications are not
discussed here and will be discussed in detail in Section 2.5.

2.4.1 Machine Specific Apps
Various desktop printers have developed their own software for slicing and g-code
generation. Some of these, such as Makerbot [67], have gone a step further and developed
a mobile app for their printers. The idea behind this is to promote printing at any time and
any place. GCodePrintr [68] is an open source app for Android with similar functionalities
but is not specific to a material extrusion printer manufacturer. In addition to this, apps
like GcodePrintr also offer visualization options and basic estimates. Such apps are
popular and versatile, and they may have built time and cost estimating features; however,
these are often not accurate as they are based solely on the g-code.

2.4.2 Design and Repair Apps
Software aimed at part design are usually computer and web-based, owing to issues
such as the requirement of a larger work space, memory, and graphics. However, only a
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small number of such mobile apps caters to designing of parts on mobile phones. Blokify
[69] is an iOS based app which allows users to create voxel-based models, using individual
voxels as building blocks. Other apps like GcodeSimulator and GCodeInfo [68] are useful
for analyzing the g-code, simulate printing and check for errors before fabricating the part,
saving material and time lost to build failures. Despite such properties, the lack of design
tools is detrimental to evaluating manufacturability of the parts being 3D printed.

2.4.3 3D Scanning
3D scanning is of great interest to users as it gives rise to the possibility of recreating
objects with minimal effort. Mobile apps such as 123D Catch (discontinued in January
2017) [70] and Morphi [71] showcase this capability via the phone camera, with the user
photographing the desired part from all sides. However, the output is dependent on the
quality of the camera and the angles covered by the photos taken by the user. Such apps
make scanning and replication of real-life objects easier, but they provide no information
pertaining to their manufacturability.

2.4.4 File Sharing and Commercial Apps
With the growth in individuals designing and printing parts with material extrusion,
several platforms have been developed to share designs as STL files and download others’
designs.

Such websites are based on CAD file sharing websites.

Some, such as

Thingiverse [72], have transitioned into apps as well, with downloading and printing
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capabilities that are performed in sync with the Makerbot app. Other apps such as
Octoprint [73] and Bumblebee [74] provide information regarding the printer during a
print, giving a greater control on the print to the user once the printing has begun. Such a
feature is even more helpful when multiple printers are being used.

2.5 Available Build Time and Cost Estimation Models and Software
There are multiple studies on build time and cost estimation for AM processes in
the literature, with several algorithms being developed for the purposes. These have given
rise to various models and software that have been published or are available for use as
downloadable software. They mainly depend on the part(s) being fabricated and machine
parameters that are selected for the build.

2.5.1 Estimation Models in Literature
Interest in build time estimation can be seen as early as 1996 for stereolithography
systems, with initial observations based on results from experimental design [75]. Hollis
[76] introduced formulations to calculate build time based on these. Certain studies have
identified factors critical to build time and cost in other AM processes, such as the
importance of optimum orientation in stereolithography by Singhal et al. [77]. Other
processes such as Selective Laser Sintering (SLS) give a lot of importance to cost modeling
and cost reduction [78], due to the extensive use of SLS in the metal AM industry. In the
case of material extrusion, most models such as the one developed by Amini [79] are based
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on experimental analysis of various parameters to evaluate how much effect each
parameter has on build time. This allows one to form a relationship between the process
parameters and build time, with appropriate weighting for each parameter. Techniques not
based on experimental design also exist, such as the neural network-based time estimator
developed by Angelo and Stephano [80].
A parameter relation based approach like the former is also seen in for cost
estimation in material extrusion by Mello et al. [81], relying on the decomposition of the
cost into its constituents and mathematical analysis. Experimental design-based studies
also exist, but they often fail to provide an analytical relationship for cost [82]. Various
factors such as overhead costs and machine productivity are also difficult to estimate at
times [36]. Though such factors are a small portion of the overall cost, they are not small
enough for the user or manufacturer to neglect, especially in the case of long term
production.

2.5.2 Browser based or Downloadable Software and Mobile Applications
Algorithm-based estimations represent a different approach, as they are not
centered on specific process parameters; rather, they are based on the geometry and density
of the parts being printed, giving users much more flexibility than with the previously
discussed approaches. Numerous open source software and websites allow the user to
calculate build time and cost, such as Cura [83], MatterControl [84], Xometry [85], and
Repetier [86]. In most cases, such software programs do not reveal the underlying
algorithms governing them, making it difficult to gauge their accuracy.

Additionally,
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inputs required for the software vary and may be too many for a first-time or novice user.
Some extrusion machines [67] also give an estimate of job completion time, but this is
from the g-code of the part and is usually inaccurate as the g-code does not provide
sufficient information for accurate estimations. Additionally, very few of these capabilities
are currently available as a mobile application. An example of this is 3D Printing Cost
Calculator [87], which relies on the user to enter information on the part from the slicer to
perform basic arithmetic and generate a cost.
More complex options are available for computers, such as the calculator from
Consumables [88]; however, they do not use the STL file as input and are similar to [87].
Tools such as 3Dpartprice [89] require the STL file as input, but they use a built-in slicer
to generate values. Thus, calculations are based on the g-code and not on the STL file data.
The software also assumes the same speed for all sections of the print, which is not
accurate. Facilities such as the AstroPrint Mobile [90] give user additional functionalities
other than printing using their mobiles, but they lack the comprehensiveness of the various
functionalities the app offers to the user. Thus, testing of parts is not possible unless one
has access to a desktop or computer, making such a mobile application all the more useful
for education and demonstration purposes.

2.6 Utility and Requirement of Additive Manufacturing Mobile Applications
The previous section highlights the rapid growth in AM-related apps over the last
few year, from designing of parts to controlling print parameters. This trend mimics the
popularity of material extrusion among the public and the rise in number of amateur

36

designers, access to facilities, and decreasing the cost of material and machine. Education
in AM must keep up with this trend, as the increasing interest in material extrusion has also
harbored ignorance regarding the process and DfAM along with a tendency to waste time
and material. With applications such as Thingiverse and Makerbot [67,72] giving users
the complete experience of the AM workflow on their phone, it is necessary to develop a
tool that can incorporate build time and cost estimation in the same device. Incompatibility
between software is a major complaint in DfAM and printing, which becomes worse when
device incompatibility is added to the picture. Mobility is a key feature for AM over the
recent years, with desktop printers becoming more portable and printing facilities
becoming available at universities and stores. Current cost estimation apps have various
shortcomings that give inaccuracies in build time and cost. Thus, a comprehensive app is
required, which takes into account the various parameters that can be altered, as well as
parameters that change during the process of printing.
With this in mind, a paper based on this study was submitted and has been accepted
for publication [91]. As previously mentioned, the work done on the paper builds on the
algorithm and principles described by Tedia and Williams [29] and is a continuation of the
work done in, with an expanded version of the basic build time function they created. This
thesis elaborates on the discussion in [91] and provides additional details for various
sections such as experimentation and detailed reasoning for each segment of the algorithm.
It also covers work done beyond the paper such as additional experiments and
improvements in the mobile app. Furthermore, the thesis outlines the future work
pertaining to this study in detail along with the expectations from the app.
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In the next chapters, the background on DfAM, voxelization and AM mobile
applications discussed in this chapter are used to develop the mobile app. First, the
algorithm and code developed in [29] are modified to cater to the needs of the app.
Following this, the build time and cost estimation algorithms and functions are developed,
keeping voxelization and AM workflow principles in mind. The next step in this study
focuses on experimental verification and incorporating the algorithm on a mobile platform.
The background on AM apps is critical for this phase, resulting in a mobile app for build
time and cost analysis with all the desired features and accuracy.

Chapter 3
Overview and Workflow of the Algorithm
The first step to implementing such a mobile app is to create an algorithm that can
take the necessary inputs and generate the desired output parameters. The algorithm has
been developed in MATLAB and implemented on Android Studio, the latter of which is
discussed in Chapter 6. It has been designed to be able to accurately voxelize a given STL
file and generate the necessary output parameters based on the following algorithm.
The algorithm has been divided into several segments due to the complexity and
the collaborative nature of the work. Additionally, it is beneficial to create separate script
files on MATLAB for each function as the task they perform for each part does not change,
and documentation and editing become easier when separate scripts are expressed for
different segments. There are several script files in the code based on the algorithm.
•

Main: The primary interface script for the code, with control over inputs and outputs.

•

Read STL: Analysis of the tessellated structure and obtain a 3D polygonal mesh by
extracting the relevant vertices from the triangles

•

Change Orientation: Rotates the file in 3D space when the file is plotted

•

Manufacturability: Voxelizes the polygonal mesh obtained from READ STL

•

Build Time: Estimates build time and voxel volume based on the voxelized model

•

Cost: Estimates cost of the part based on the voxel volume and filament cost

•

Plot: Plots the STL file and the voxelized structure
For this study, Read STL, Change Orientation, Manufacturability and Plot scripts

are adopted from the work done by Tedia based on [29], with minor changes for
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compatibility and execution speed, and they are not discussed in this thesis. The Main
script has been heavily altered for the study, and it is discussed in detail in the following
section. The Build Time and Cost scripts were built specifically for the study, and are
elaborated upon in the next chapter.

3.1 Main
Main is the direct interface for the user to execute the program. All other scripts and
functions are executed via the Main.

3.1.1 Inputs
There are three inputs required from the user along with machine resolution. The
machine resolution is the size of the voxels used in each of the three axes. It is the minimum
displacement seen in a machine in the X and Y directions, and the layer thickness desired
by the user determining the Z direction resolution. The displacements are not determined
by the user; rather, they are varied within the code as desired, based on the machine.
•

STL File: The desired STL file must be selected from the device memory.

•

Material: The user should choose between ABS and PLA as the build material as they
have different unit costs and densities. The material remains the same for supports.

•

Layer Thickness: This defines the machine resolution in the Z axis.

•

Infill Percentage: The user should select the infill from the options of 10%, 20%, 30%
and 100%.
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3.1.2 Outputs
Based on the inputs and algorithm, 5 outputs are obtained, which are displayed for
the user’s consideration when gauging the manufacturability of the part.
•

Build Time

•

Cost

•

Weight

•

Dimensions (maximum length, width, and height of build)

•

Tessellated and voxelized representation of the part

3.1.3 Execution
The STL file is used as an input for each segment of the algorithm described in
[29]. Once the voxel-based model is obtained, it is used by the build time and cost
estimation functions to obtain the various outputs for the part. Figure 3-1 shows a detailed
flowchart of the script’s functioning. The various segments are executed stepwise in
MATLAB, with each having outputs critical for the subsequent function (see Appendix A).
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Figure 3-1: Flowchart of Main script for algorithm [91]
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3.2 Voxelization and Rendering
The STL file inputted by the user is converted into a voxel-based model using the Ray
Tracing algorithm in MATLAB. Rays are cast incrementally along the Z direction, and
the intersections are recorded. The algorithm has been adopted from work done by Patil
and Ravi [92].

Rendering of the part model is necessary for the user to visualize

problematic features identified by the tool and to get design feedback. Following this, the
voxel-based model is displayed as a quadrangular surface mesh to the user. The resolution
of the grid depends upon the desired voxel size, which in turn depends upon layer thickness
and printer resolution. Each voxel can have a maximum of 26 neighbors:
•

6 voxels connected by face

•

12 voxels by edge

•

8 voxels connected by vertices.
For each voxel, it is identified whether its 6-face connected neighbors are within

the object or not. If any neighbor is outside the object, then facets are drawn between the
voxel and that neighbor, and it is defined as the boundary voxel. To increase the speed of
rendering, only boundary voxels are used for display. Single stray voxels that occur due
to resolution errors, which will be absent in normal objects, are identified and reset as
empty voxels. An example of teapot model, STL representation, and its rendered voxelbased model is shown in Figure 3-2.
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Top
View

Figure 3-2: Teapot (Voxelized model) – a) STL file, b) File after voxelization, c) Cut section
showing boundary voxels [91]

3.3 Manufacturability Analysis

3.3.1 Minimum Features
For minimum feature size calculations, voxels forming sections that are less than
the desired resolution/thickness values in any direction are highlighted. This calculation is
carried out during the voxelization process to minimize computation. The results of
minimum feature size analysis for a few sample models are given in Figure 3-3. For the
model in Figure 3-3(a), all features that have a thickness less than 1mm in any direction
have been highlighted, whereas, for the model in Figures 3-3(b) and 3-3(c), the feature
thickness selected is less than 2mm. The sections in the models that violate the minimum
feature size value are highlighted in gray.
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Figure 3-3: Highlighted feature sizes, t <=1 mm for a) Sample widget, b) Coupler, c) Gear
housing, t < 2 mm [91]

3.3.2 Negative Features
Negative features such as holes that are under the machine’s resolution might also
not be manufactured correctly. For negative feature size analysis, voxels forming negative
feature sections that are less than the desired resolution in any direction are highlighted.
The result of negative feature size analysis for a sample part at grid resolution
500×500×500 is shown in Figure 3-4. The result gives us the darkened sections (black) as
those which fall below the resolution allowed by the voxel size used in this build. The
problematic areas which would not be manufactured correctly have been highlighted.
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Figure 3-4: Negative feature analysis at resolution 500×500×500 features highlighted with t=0.5
mm between boundary voxels in any direction [91]

3.3.3 Support Structures
Figure 3-5 shows support material generated for a few sample models at resolution
500×500×500 for critical angle 𝜃𝑐𝑟 = 60°. Any slope forming an angle smaller than the
critical angle necessitates the generation of supports for that slope. The amount of support
material required and support surface contact area for these models is given in Table 3-1.
The material density used for support material calculations is 1.25 𝑔𝑚/𝑐𝑚3 .
Table 3-1: Volume of support material and surface contact area for given models
Model
Support Material Volume (cm3)
Support Contact Area (𝒎𝒎𝟐 )
Teapot
0.839
567.4
Coupler
1.6347
1349.4
Candle Holder
6.257
1145.3
Bunny Model
7.155
1378.7

Figure 3-5: Required support structures for manufacturing using the extrusion process, θcr =60°
for a) Teapot, b) Coupler, c) Candle holder, d) Bunny model [29]

Figure 3-6 shows the identification of optimum orientation with minimum support
for a sample ball joint model. Starting from the original orientation, the algorithm
computes supports for subsequent orientations at an interval of 10⁰, and the optimum
orientation was identified to be 𝜃𝑥 = 1300 and 𝜃𝑦 = 40⁰ based on minimizing the amount
of support material. This result was manually verified by generating supports at various
orientations manually using Simplify 3D software.
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Figure 3-6: Identification of optimum orientation with minimum support for a sample ball joint –
a) STL file, b) Voxelized file at θx,θy=0⁰, c) Support generation, d) Optimum orientation for
minimum support (θx=130⁰ and θy=40⁰) [29]

This chapter covers the approach for voxelization of STL files and how voxel-based
models are useful for visualizing the desired part. Such a feature is useful in for the purpose
of the app being designed; however, visualization is not enough to evaluate the
manufacturability of the part using AM. Quantified data is necessary for the app to make
such an evaluation. The build time and cost estimation algorithms specifically designed
for the app fulfill this requirement. They function as an extension of the algorithms based
on the topics discussed in this chapter and are elaborated in the next chapter.

Chapter 4
Build Time and Cost Estimation Functions
The build time function is divided into various segments that are calculated
separately due to the variation in toolpath seen for the machine, based on which section of
the build is being printed. This chapter also highlights the assumptions and estimations
made for the algorithm and discusses the importance of maintaining a balance between
generating outputs based on toolpath and computation time, and why the former may not
be always feasible and harmful for the latter. Certain input parameters, which are not
necessary controllable using the machine software were also determined, based on
measurements.

Finally, the cost estimation function is decomposed into its various

components, and the usage of build time and other parameters like machine and electrical
costs, as well as parameters that have been ignored are discussed.

4.1 Distribution of Machine Parameters and Tool Path Analysis
Most material extrusion machines display the same set of segments for the toolpath
they follow. The user can vary various parameters in the build, but the way material is laid
down in different parts of the build remains the same. Depending on the geometry and
orientation of the part, the proportion of time each segment takes may vary. For this study,
the machine used is the Mendel Max 3 [93]. The toolpath for the machine is divided into
the following segments for the study, with Figure 4-1 showing the various segments in a
given part. Each segment has its set of machine parameters which are discussed as follows.
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Figure 4-1: Various segments of build time calculation

•

Contour (Outline): The contour is the encasing of the part being printed and is
constructed based on the surface geometry of the part in the XY and XZ plane. The
parameters pertaining to contour printing are:
o

Contour printing speeds

o

Number of shells

o

Shell thickness (Contour thickness = Shell thickness × Number of shells)
Speed for printing varies based on whether a straight line or curve is being printed,

with the former being faster. It also depends on the shell being printed, with the
outermost shell being printed at a higher speed.
•

Roof and Floor: Complimentary to the contour, the roof and floor are the shell of the
part in the XY plane. They may not be continuous, and in the case of sloping surfaces
(similar to Figure 4-1), the surface becomes a combination of contour and the
roof/floor. The parameters pertaining to roof and floor printing are:
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o

Roof and floor printing speeds

o

Roof and floor thickness

o

Width of deposition for roof and floor
Floor printing speed is relatively slower for better adhesion, especially for printing

without rafts. It is higher for the roof, as most roofs are printed as overhangs, where
the tendency of the deposition to droop due to the lack of support underneath increases
as the speed of deposition decreases. The printing is also crosshatched for increasing
strength, and the width of deposition is less than the width a pass would usually cover,
and is expressed as a ratio of the two.
•

Infill: The infill deposition for this study is crossed (see Figure 4-2(a)), with other
variations possible without any changes to the algorithm. As previously mentioned,
the infill percentage is selected by the user. The printing speed and the width of
deposition for infill are the only machine parameters linked with the infill.
Support Gap
Interface

Supports

a)

b)

Support Boundary

) Figure 4-2: a) Infill pattern with 20% infill, b)) Support components and interface
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•

Support: The supports for a part are printed where needed based on the acceptable
inclination angle, which is required as an input for the Manufacturability function for
generating support voxels for any slopes making an angle with the horizontal which is
less than the inclination angle. The supports are deposited in a linear pattern, with a
changeable gap between any two lines of deposition.

The machine parameters

pertaining to support, as shown in Figure 4-2 (b), are:

•

o

Support printing speed

o

Support gap

o

Width of deposition for support material

o

Width of boundary for support material structures

Interface: The interface is a partitioning between the part and support material. It is
not seen in a lot of machines, but makes support removal easier and gives a better
surface finish for the contact surface. The parameters pertaining to interface are:

•

o

Interface printing speed

o

Interface thickness

o

Deposition width for interface

Travel: Time spent by the nozzle head in movement without any extrusion is
accounted by the travel time. The only machine parameter for travel time is speed.

•

Table Travel: Time spent by the table in traveling up all the layers. The only machine
parameter for table travel time is speed.

•

Raft: The raft is necessary for appropriate adhesion to the build plate. Though most
machines have many parameters associated with the raft, this study only considers
some for its calculation:
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o

Raft Margin (The distance the raft extends beyond the outermost shell)

o

Raft height

o

First layer printing speed

o

Subsequent layers printing speed (The speed of the first layer is slower for better
adhesion to the build plate)

4.2 Integration of Voxelization and Toolpath in Build Time Estimation
As discussed in the previous section, the function is divided into various segments
based on the segment of the build being printed, with the segregation necessary due to the
variation in printing speeds, toolpath and material density. Integrating the voxel-based
model of each part revolves around combining the voxel volumes and voxel counts for a
given segment with its related parameters. The detailed flowchart for the entire function
with each segment is shown in Figure 4-4, and the corresponding code is in Appendix B.

4.2.1 Contour
To calculate the time for printing the contour, the function counts all the boundary
voxels barring those in the roof and the floor in a given layer, and the following calculations
are performed:
𝑂𝑢𝑡𝑒𝑟 𝑉𝑜𝑥𝑒𝑙𝑠 = 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑣𝑜𝑥𝑒𝑙𝑠

(1)
𝑠ℎ𝑒𝑙𝑙 𝑤𝑖𝑑𝑡ℎ
)
𝑣𝑜𝑥𝑒𝑙 𝑤𝑖𝑑𝑡ℎ

𝐼𝑛𝑛𝑒𝑟 𝑉𝑜𝑥𝑒𝑙𝑠 = 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑣𝑜𝑥𝑒𝑙𝑠 ×(𝑁𝑜. 𝑜𝑓 𝑠ℎ𝑒𝑙𝑙𝑠 − 1) × (

Using Equations (1) and (2), we get

(2)
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𝐶𝑜𝑛𝑡𝑜𝑢𝑟 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 = 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙 ×((

𝑂𝑢𝑡𝑒𝑟 𝑉𝑜𝑥𝑒𝑙𝑠
𝑂𝑢𝑡𝑒𝑟 𝑠𝑝𝑒𝑒𝑑

𝐼𝑛𝑛𝑒𝑟 𝑉𝑜𝑥𝑒𝑙𝑠
𝐼𝑛𝑛𝑒𝑟 𝑠𝑝𝑒𝑒𝑑

)+(

))

(3)

We see that that Equation (1) covers the outermost shell, while Equation (2) covers
the remaining if any. The algorithm also takes into account the variation in speed based
on the geometry being printed, with curves displaying lower speeds due to continuous
acceleration and deceleration. This affects Equation (3), which has been simplified here for
clarity.

4.2.2 Roof and Floor
As mentioned in the previous section, voxels present in the boundary that are not
part of the contour are either part of the floor or the roof. For the algorithm, this is
determined by the neighboring voxels. In the case of the roof, if there are no voxels present
directly underneath the voxel in question or under any of the 7 neighboring voxels, then it
is classified as a roof voxel. The same rule is applicable for floor voxels, with the test
applying to the neighboring voxels above instead of below. Once the identity of the roof
and floor voxels are ascertained and they are counted, the following calculations are
performed for each layer:
𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝑟𝑜𝑜𝑓 𝑣𝑜𝑥𝑒𝑙𝑠 × 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙

𝑅𝑜𝑜𝑓 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 = (

𝑅𝑜𝑜𝑓 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝑓𝑙𝑜𝑜𝑟 𝑣𝑜𝑥𝑒𝑙𝑠 × 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙

𝐹𝑙𝑜𝑜𝑟 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 = (

𝐹𝑙𝑜𝑜𝑟 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

𝑅𝑜𝑜𝑓 𝐷𝑒𝑝𝑡ℎ

)×(

𝐿𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

)

𝐹𝑙𝑜𝑜𝑟 𝐻𝑒𝑖𝑔ℎ𝑡

) × (𝐿𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)

(4)
(5)

The algorithm rounds off the number of voxels that are obtained from the second
half of each equation. The roof and floor printing time calculations are performed before
the contour, and these voxels are removed to make counting of contour voxels easier.
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4.2.3 Infill
The infill is generated by estimating the number of voxels present in the volume
encased by the boundary voxels and multiplying the result with the infill density to generate
the number of voxels that are printed as part of infill (see Figure 4-2(a)). The estimation
of infill voxels is complex as the manufacturability function only generates the boundary
voxel, with no infill voxels present to directly count. Thus, the algorithm performs a series
of checks to ascertain how many voxels would fit the interior of the part with a top to
bottom approach. Based on this, the following calculations are performed for each layer:
𝐼𝑛𝑓𝑖𝑙𝑙 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =

𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝐼𝑛𝑓𝑖𝑙𝑙 𝑣𝑜𝑥𝑒𝑙𝑠 × 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙 × 𝐼𝑛𝑓𝑖𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝐼𝑛𝑓𝑖𝑙𝑙 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

(6)

Thus, the calculation is same for a given part, with the infill density (used as a
fraction) dictating the change based on the user's input.

4.2.4 Support
The previous three types of voxels discussed all utilize the boundary voxels to
generate their respective times. The support section, however, utilizes only the support
voxels to generate its build time. Here, the distance between two printing passes of support
entered in the algorithm (support gap) govern how close each line of support will be. The
support voxels which are part of the boundary are then identified and separated from the
remaining. Counting of support voxels is heavily dependent on the extrusion width and
the support gap. For a given layer, voxels are counted for a row along the X axis.
Following this, only one voxel is added to the next set of rows (if there is support present)
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till the distance between the original row and the current row is the same as the support
gap, forming a column of support voxels. Now, the current row has all its voxels counted.
This mimics the zigzag nature of the toolpath for support, as shown in Figure 4-3. The
support voxels are counted, with following calculations performed for each layer:
𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =

𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑉𝑜𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 (𝑅𝑜𝑤 +𝐶𝑜𝑙𝑢𝑚𝑛 +𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦) × 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙
𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

(7)

Interface Thickness

Column
Support
Voxels

Boundary
Support
Voxels
Row
Support
Voxels

Support Gap

Figure 4-3: Toolpath of interface and support material in build

4.2.5 Interface
The interface has 100% density unlike infill and support material, as seen in Figure
4-3 making it easy to calculate. However, similar to supports, the interface does not have
previously defined voxels from the model. Voxels for the interface are estimated based on
their neighboring voxels, with each part voxel sharing a face with a support voxel defining

56

an interface voxel. The interface voxels are counted, with the following calculation
performed for each layer:
𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑃𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =

𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑣𝑜𝑥𝑒𝑙𝑠 × 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙 × 𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑

(8)

4.2.6 Minimum Layer Time
In order to allow each layer to cool before another is deposited on it, a minimum
time of 5 seconds must be maintained for each layer [94]. This condition is enforced for
those layers where the sum of the build time segments covered so far is less than 5 seconds.
Though not usual, this is triggered for a few layers in all builds, especially for the last few
layers where deposition is minimal.

4.2.6 Travel
Considering the extreme variation in travel time between different parts and among
different layers within the same part, it is difficult to calculate the exact travel time for each
build. Additionally, one must also factor in the time required for filament retraction during
travel. Due to the minute amounts of time for such activities, it becomes difficult to
estimate the exact time. The algorithm considers travel time to be the time required to
travel from the last point of each layer to the first point of the next layer. The initial travel
from the origin to the first point of the first layer is also considered in the calculations. The
algorithm does not consider travel time within a given layer. Calculations for travel do not
consider the voxels themselves, rather the coordinates in which the concerned voxels are
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present. The sum of these times gives the net travel time, as shown by the following
equation:
𝑁𝑒𝑡 𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒 =

(𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒 (𝐼𝑛𝑖𝑡𝑖𝑎𝑙+𝐹𝑖𝑛𝑎𝑙+𝐹𝑜𝑟 𝑒𝑎𝑐ℎ 𝐿𝑎𝑦𝑒𝑟)

(9)

𝑇𝑟𝑎𝑣𝑒𝑙 𝑆𝑝𝑒𝑒𝑑

4.2.6 Table Travel
Table travel time is the time required for the table to travel up all the layers, as
shown below:
𝑇𝑎𝑏𝑙𝑒 𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒 =

𝑁𝑜.𝑜𝑓 𝑙𝑎𝑦𝑒𝑟𝑠 × 𝐿𝑎𝑦𝑒𝑟 ℎ𝑒𝑖𝑔ℎ𝑡

(10)

𝑇𝑎𝑏𝑙𝑒 𝑡𝑟𝑎𝑣𝑒𝑙 𝑠𝑝𝑒𝑒𝑑

4.2.6 Raft
The time required for the raft is calculated in two parts. For the very first layer, a
slow speed and high extrusion width are used with 100% density. For the subsequent layers
of the raft, 40% density is used, along with a smaller extrusion width and higher print speed.
The raft is also given an alterable margin, as is usual in most machines. Raft time is an
optional section of build time, depending on the requirement.
𝑅𝑎𝑓𝑡 𝑇𝑖𝑚𝑒 =

𝑁𝑜.𝑜𝑓 𝑣𝑜𝑥𝑒𝑙𝑠 𝑖𝑛 𝑓𝑖𝑟𝑠𝑡 𝑙𝑎𝑦𝑒𝑟 ( 1 + 0.4 × (𝑅𝑎𝑓𝑡 ℎ𝑒𝑖𝑔ℎ𝑡−𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 1 𝑙𝑎𝑦𝑒𝑟))
𝑅𝑎𝑓𝑡 𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑
𝑅𝑎𝑓𝑡 𝑚𝑎𝑟𝑔𝑖𝑛
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙

×
(11)
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Figure 4-4: Flowchart of build time estimation algorithm [91]
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4.3 Development and Parameter Selection for Cost Estimation Function
The cost function calculates the cost of printing a given part using material extrusion.
The segments of the time estimation function also calculate the volume of the voxels for
each and transfer the total volume to the cost estimation function.

The following

calculation is done for this purpose:
𝑉𝑜𝑥𝑒𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑆𝑒𝑔𝑚𝑒𝑛𝑡 = 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝑣𝑜𝑥𝑒𝑙𝑠 ×𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 1 𝑣𝑜𝑥𝑒𝑙

(12)

Thus, the function takes the build time, total volume of voxels and the material
being used as inputs, giving the final cost as its output for the function call in Main. It is
divided into three components, which are added together to give the final cost, as shown
in Figure 4-5. The MATLAB code for cost estimation based on the algorithm is given in
Appendix C.
1.

Material Costs: Based on the material being used, this component calculates the
weight based on the material density and voxel volume, estimating the cost of material
using the cost per unit weight. The density for ABS (Acrylonitrile Butadiene Styrene)
used for the calculations is 0.00104gm/mm3, and the density for PLA (Polymerized
Lactic Acid) used is 0.00125gm/mm3 [95].

2.

Build Time Costs: The build time directly multiplies the time taken to build the part
with the valuation for time used, taken as $0.50/hour for the algorithm.

3.

Overhead Costs: Overhead costs include the cost of utilizing the machine, based on
the fraction of the machine life being used for a given build. This also includes the
electrical cost of printing based on the time and the rate of electricity in the state, in
this case, Pennsylvania [96].
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Figure 4-5: Flowchart of cost estimation algorithm [91]

4.4 Assumptions and Estimations
Building on the discussion in Chapter 2 on creating a balance between execution
time, memory, and accuracy, certain potential inaccuracies must be accepted while
formulating the algorithm. Based on the parameters discussed in the previous section, these
can be classified as approximated parameters, ignored parameters, and deviations from
toolpath.

61

•

Approximated Parameters:
o

A significant number of machine parameters do not remain constant throughout
the printing process. This is especially the case with printing and travel speeds,
with the acceleration and deceleration occurring with each change in direction in
the toolpath. To counter this, the values for such parameters are altered based on
experimental results, which are discussed in the next chapter.

o

Voxel-based models have their own set of limitation as previously discussed. This
is highlighted in various calculation where the resolution of the model is not
enough to achieve the desired accuracy in outputs such as build time and weight,
thus a margin of error must be accepted in order to not increase the resolution and
subsequently, computation time. Additionally, parameters that are based on
rounding off calculations as they are related to number of voxels and must be
whole number, may not provide the exact value but an approximated one.

o

The infill segment has been designed such that it is independent of the infill
pattern. However different patterns will vary in terms of the time they take to be
printed, but the difference observed was minimal and is not incorporated in the
algorithm.

•

Ignored Parameters:
o

Bridges: Though bridges (long and unsupported horizontal sections of the build)
are not ignored for this study, they have their own set of parameters for retaining
their structure and reduce drooping of layers and delamination. Instead, they are
categorized as part of the contour by the algorithm.
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o

Coarseness: Coarseness is the simplification of the outline of each layer before
the toolpath is created in order to remove small changes on the surface and
blemishes. This is ignored due to the impracticality of implementing it on a voxelbased model, as the voxels themselves display such characteristics, especially for
low resolutions.

o

Raft Parameters: The parameters for the raft are much more extensive than those
considered here. Heights of individual layers in the raft can be altered, as well as
more layers can be included to the set of parameters followed by the first one.
Raft margins usually have an angle by which the raft decreases in area as the
height increases, but it is not implemented here.

o

Extruder Parameters: Parameters such as retraction distance and retraction
speed are not considered for this study.

o

Miscellaneous Cost Parameters: The cost estimation function does not include
labor costs, downtime costs, and build failure costs as such elements are difficult
to predict and valuate on individual builds. Based on literature and existing
software such as [85], such parameters are often arbitrarily assigned, or the user
is given the freedom to decide what they want to assign them as, for example [88].
Profit margins are also not considered for the app, as this varies in the industry,
and no clear margin is found in the literature.

•

Deviations from Toolpath:
o

Infill: The infill does not follow the toolpath; rather, it uses a top-down approach
for testing the voxels underneath the voxels of a given layer to ascertain the
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appropriate conditions for the infill. This may cause some error in the calculation
of infill, particularly for patterns that are nonlinear.
o

Travel: Travel time estimation is very basic for this study as toolpath variation
between individual pieces cannot be identified with certainty and without
increasing computation time. The error in travel time is expected to increase
proportionately with an increase in geometric complexity and build time.

o

Changes in Speed: Though speeds are entered as constant values for parameter
entries, they do not remain so during practice. Acceleration and deceleration are
observed every time the nozzle head changes direction or the type of printing it is
performing. This is difficult to predict and factor into the algorithm, as similar to
the case of air travel, the variation is too complex to be calculated or
approximated.

In the next chapter, the use of experimentation to verify the results generated by the
app is discussed along with the improvements made to the algorithm based on the results
of these experiments.

Chapter 5
Experimental Verification of Outputs Generated by the Algorithm
Experimentation is critical to this study as it is necessary to ascertain the accuracy
of the outputs obtained. The minimum feature size, detection of undersized negative
features, and support material algorithms have already been experimentally validated [29].
As previously mentioned in Chapter 1, the algorithm can be altered based on the machine
and the process. The algorithm for our research is tailored to the Mendel Max 3, with all
experimental parts printed on the machine.

5.1 Objectives of Experimentation
The experiments have been designed such that each component of the build time
function can be individually measured and compared. The values generated by the
algorithm are considered to be acceptable if they are within ±5% of the experimental
values. Although the best analysis would be using repetitive printing of parts to develop a
mean printing time and standard deviation, with the estimated values expected to be within
three standard deviations of the mean. However, printing 30 samples of each part is
impractical; thus, the 95% accuracy rule is selected. Based on the results, comparison with
the generated results was made, which prescribed various changes in the algorithm and
inclusion of factors which were previously overlooked, giving us the final version for the
algorithm best suited to the Mendel Max 3. The following segments of the time estimation
function are tested, with both time and weight of the part being considered. The latter is
critical for accurate calculation of cost as well.
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•

Roof, Floor, and Contour only

•

Infill only

•

Support only

•

Full print
The experimental parts also allow one to accurately measure widths and thicknesses

where required and incorporate them into the code. This is necessary for better accuracy
in the values that are assigned to the controllable machine parameters. Additionally, the
experimentation allowed the detailed study of the various aspects of each segment and
made it possible to identify potential erroneous areas and parts of the algorithm. Certain
changes have been made based on this, and are discussed in detail later in this chapter,
along with the specifications followed for the experimentation.

Figure 5-1: Mendel Max 3 during printing [91]
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5.2 Mendel Max 3 and Machine Parameters
The experimentation was performed on the Mendel Max 3 [97], the same machine
used as the basis for the estimation algorithms, with a 2.85mm diameter ABS filament
feedstock for material. Parameter selection was a key element for the discussion in the
previous chapter, and the parameter values for each segment of the algorithm based on the
values entered for the slicer are shown in Table 5-1.
Segment
Contour

Roof

Floor
Infill

Support
Travel
Raft

Table 5-1: Mendel Max 3 parameter values
Parameter
Printing speed (Outermost Shell)
Printing speed (Remaining Shells)
Number of shells
Shell thickness
Printing Speed
Thickness
Width of Deposition
Printing Speed
Thickness
Width of Deposition
Printing speed
Width of deposition
Printing speed
Support gap
Width of deposition
Width of boundary
Printing speed
Margin
Height
First layer printing speed
Subsequent layers printing speed

Value
1890 mm/min
2700 mm/min
2
0.6 mm
2700 mm/min
0.8 mm
0.2 mm
1800 mm/min
0.8 mm
0.2 mm
3600 mm/min
0.2 mm
3600 mm/min
2.5 mm
0.2 mm
0.2 mm
9000 mm/min
4 mm
2 layers
600 mm/min
5400 mm/min
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5.3 Selection of Parts for Experimentation and their Features
Based on the segments discussed in Section 5.1 that are to be tested, several test
parts are selected to test each segment. The parts are kept simple to make the analysis and
identifying problem areas easier. The test parts selected for the experimental analysis are
the variation of 4 basic parts (see Figure 5-2).
b)

a)

c)

d)

Figure 5-2: Experimental testing parts (STL preview): a) Simple cuboid, b) Simple cylinder, c)
Part for support, d) Complex part
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The experimentation was done in two phases. First, the segments pertaining to the
body of the build are analyzed: contour, roof, floor, and infill. The support, variation in
infill and layer height and complete parts are tested. The bifurcation is done as testing of
supports and variation is not possible as supports cannot be printed independently. Thus,
one must ascertain that the segments in the first phase are accurate, i.e., the body of the part
is accurate and then move to more complex segments. Table 5-2 covers the first phase. It
discusses each test part and its variants, and time estimation segments for which it can be
tested. Furthermore, it also carries the justification for the selection along with the details
about the part.
Test
Part

Simple
Cuboid

Simple
Cylinder

Table 5-2: Experimental analysis part selection (Phase I)
Segment
Dimensions
Figure
Justification for Selection
Tested
Only the exterior of the part is printed,
Figure 5-2a
Contour,
which comprises of the roof, floor, and
and
Roof and
contour. No support or infill is generated
5-3 (Left)
Floor
for the part; only linear deposition occurs
50 mm x
while printing the part.
25mm x
Only the interior of the part is printed,
25mm
Figure 5-2a
which comprises of infill. No support or
and
Infill
the exterior is generated for the part; only
5-3 (Right)
linear deposition occurs while printing
the part.
Only the exterior of the part is printed,
Figure 5-2b
Contour,
which comprises of the roof, floor, and
and
Roof and
contour. No support or infill is generated
5-4 (Left)
Floor
for the part, with a curved deposition for
h = 25mm,
the contour.
r = 25mm
Only the interior of the part is printed,
Figure 5-3c
which comprises of infill. No support or
and
Infill
the exterior is generated for the part;
5-4 (R)
curved deposition for infill boundaries.
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The parts are printed as shown in Figures 5-3 and 5-4. The analysis of the parts
and accuracy of the values generated by the code when compared with the build time and
weight for these parts are discussed in the following section.

Figure 5-3: Simple cuboid - contour, roof and floor (left), infill (right)

Figure 5-4: Simple cylinder - contour, roof and floor (left), infill (right)
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Once these parameters have been verified, the second phase of experimentation is
performed with the parts discussed in Table 5-3. All parts have 20% infill and 0.2mm
layer height unless otherwise specified.

Test Part
Cuboid and
Tetrahedron
Composite
(Half)

Cuboid and
Tetrahedron
Composite
(Full)

Complex
Part

Table 5-3: Experimental analysis part selection (Phase II)
Segment
Dimensions
Figure
Justification for Selection
Tested
Printing of only supports is not
50mm x
Figure
possible, so the part is printed up to
Support and
25mm x
5-2c and
25mm (before the start of the
Interface
25mm
5-5a
incline), giving a combination of the
part and its support.
50mm x
25mm x
The overhang angle for this part is
Complete
50mm,
present to generate support
Part
Overhang
underneath.
angle = 42.5°
50mm x
Complete
Figure
The overhang angle for this part is
25mm x
part and
5-2c and
present to generate support
50mm,
variation in
5-5b
underneath, but for a different
Overhang
support and
amount of time than previously.
angle = 37.5°
interface
50mm x
25mm x
Variation in
Unlike all the previous builds, the
50mm,
Infill and
infill is 10% for this part, with a
Overhang
layer height
layer height of 0.25mm.
angle = 37.5°
Complete
This part is much more complicated
20.00mm x
Figure
part and print
than the previous parts and has a
103.98mm x
5-2d and
time
longer build time, testing the
61.57mm
5-6
accuracy
accuracy for larger parts

The parts are printed as shown in Figures 5-5 and 5-6. The analysis of the parts
and accuracy of the values generated by the code when compared with the build time and
weight for these parts are discussed in the following section. The same figure has been
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used for all three versions of the complete part for the cuboid converted for support (see
Figure 5-5) as physically, they all appear as the same.

Figure 5-5: Cuboid and tetrahedron composite - a) Half, b) Full

Figure 5-6: Complex part

The parts seen in Figures 5-5 and 5-6 have distinctly visible support structures,
which are cleanly separable. This would be used as an advantage in the following section.
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The experimentation conducted for this research is not a generic experimental design-based
testing; rather, the segments are independent of one another, and there is no concept of
interaction. This allows one to take the segments as individual cases and prepare tests for
each case, combining tests pieces for multiple tests where possible in order to print as few
parts as possible. The segments are classified based on the accuracy expected, which is
directly proportional to how much of the toolpath the algorithm follows for a given
segment. Thus, aspects such as the raft are not tested at all, while infill and supports are
tested much more rigorously than the contour, roof, and floor.

5.4 Comparison of Theoretical and Measured Machine Parameter Inputs for the
Printing of Experimental Parts
The four designs are used to print nine test pieces discussed in the previous section,
each selected to test specific segments of the algorithm. The parts were used for input and
output verification for the algorithm.

5.4.1 Input Verification (Distances)
The numeric inputs discussed in Chapter 4 that are based on distances (and not
speed) are required to be verified using measurements of the printed parts to accurately
execute the algorithm. Each parameter is measured in ten arbitrarily selected locations,
and the average is used to run the code. The data in Table 5-4 is obtained after
measurements are completed and the average values computed. The data also allows us to
negate any errors caused by the machine where these parameters are concerned.
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Segment
Contour
Roof and
Floor
Infill

Support

Interface

Table 5-4: Input parameter measurements and changes (Distances)
Original Value
Value after
Machine Parameter
(mm)
Measurements (mm)
Shell thickness
0.6
0.47
Thickness
0.8
0.8
Width of deposition
0.2
0.4
Width of deposition
0.2
NA
Width of deposition (boundary)
NA
0.35
Support Gap
2.5
3
Width of deposition
0.2
0.35
Width of deposition (boundary)
0.2
0.35
Thickness
NA
1.5
Deposition width
NA
0.33

Based on this data, variation is seen in most parameters. Parameters pertaining to
the width of deposition are significant factors for accurate weight calculation, making such
measurements necessary. One must note that not all of these parameters are part of inputs
the user can make on the machine software; rather, they are based on the average extrusion
width throughout the build. Hence most thicknesses are taken as 0.2 mm but must be
changed to their measured values for better accuracy. Additionally, parameters marked as
NA were originally ignored and implemented later in the study as changes to the algorithm,
and they are discussed in the following section.

5.4.2 Input Verification (Speeds)
The speeds for each speed related parameter must be verified for an accurate
analysis. Thus, measurements were performed during the printing process to gauge the
actual value of the speed for such parameters. Similar to the measurements for distances,
an average value was obtained based on a set of measurements for each parameter. Though
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the changes in speeds discussed in Chapter 4 was observed and an attempt was made to
incorporate it, the idea was dismissed due to the complexity and the noticeable increase in
computation time for the logic applied. Table 5-5 shows the original and current values
for the speeds. The current values are used for analysis in the next section.

Segment

Contour

Roof and
Floor
Infill
Support
Interface

Table 5-5: Input parameter measurements and changes (Speeds)
Value after
Original Value
Machine Parameter
Measurements
(mm/min)
(mm/min)
Outer layer printing speed (Linear)
1890
625
Inner layers printing speed (Linear)
2700
1890
Outer layer printing speed (Curved)
1890
800
Inner layers printing speed (Curved)
2700
2350
Roof printing speed
2700
2700
Floor printing speed
1800
1800
Infill printing speed
3600
2100
Support printing speed
3600
1200
Interface printing speed
NA
3000

In the case of contour, roof, and floor, since the experimental parts club the
parameters together, the majority of the variation can be attributed to the contour as it takes
close to 80% (or more) of the build time. Due to large variance seen in measurements, the
final values were also obtained by comparing the test pieces with one another and
computing the expected speeds based on that. The test pieces were then used to predict the
build time for these parameters based on the changed speeds.

A combination of

measurements and computation enables one to arrive at these values.

Though the

difference is large in some cases, especially contour, it is due to the variation in speeds
seen through the print, despite there being only a single entry for speed for multiple
parameters.
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5.5 Analysis of Results and Changes to Algorithm
Once the input parameters are finalized, the output parameters can be compared
and analyzed. The parameters of the experimental pieces that are recorded and used for
this study are the build time and part weight.

5.5.1 Phase I: Comparison of Data and Analysis
An initial comparison with the generated values was made, as seen in Table 5-6,
based on which problem areas are identified and certain conclusions can be made. The
table shows examples of the variation seen between the build time generated by the slicer
and the actual time taken to 3D print the part, validating the inaccuracies seen in build time
estimation using the g-code of the part.

Table 5-6: Comparison of experimental and generated values for time and weight (Phase I)

Acceptable
Range

Experimental

Theoretical

Variation

Theoretical

Weight

Experimental

Variation

Slicer

Time

Acceptable
Range

Cuboid
Exterior

61:00

31:16

30:40

29:42 - 32:50

1.92

5.3

5.66

5.035 - 5.565

6.79

Cuboid
Infill

48:00

29:13

37:34

27:45 - 30:40

28.58

7

5.63

6.65 - 7.35

19.57

Cylinder
Exterior

31:00

18:37

13:11

17:41 - 19:33

29.19

2.3

2.52

2.185 - 2.415

9.57

Cylinder
Infill

22:00

12:08

13:54

11:31 - 12:44

14.56

2.4

2.08

2.28 - 2.52

8.67

Part
Name

(%)

(%)
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The acceptable ranges are generated based on the ±5% rule being used for the
experiments. Variations exceeding the tolerance are marked in bold. From the initial
experiments, it is observed that most of the parameters are not able to meet the desired
tolerance. Building on this, the measurements and changes discussed in the previous
section were performed and implemented, reducing the errors in time and weight.
However, there were still some variations which needed changes and additions to the
algorithm and code for improving its accuracy.

5.5.2 Phase I: Algorithm Additions and Changes
Various changes were implemented in the algorithm after the comparison was
made. Numerous minor alterations and additions were made that shall not be discussed
here. Major changes to the algorithm include:
•

Contour: A clear distinction was made between the difference in speeds based on the
motion occurring at a given time. There are three possibilities, each with its own set
of speeds that are mentioned in the previous section:
1.

Linear motion on X or Y axis

2.

Linear motion on the XY plane at an angle with the axes

3.

Curved motion
Curved and linear motion were not differentiated up till now, but this is

necessary due to the difference seen between the simple cuboid and cylinder test
pieces. The speeds are different for each due to the acceleration and deceleration seen
in each case, depending on how the motors controlling the nozzle head are functioning.
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These speeds are then implemented in the calculation, increasing the estimated time
as the curved and angled motions are slower than printing along an axis, giving a more
accurate estimation of time required to print the contour.
•

Infill: The boundary of the infill was incorporated in the code. Additionally, the use
of infill width is removed from speed calculation as it should not affect the time
required in any way and is only important to the weight.
Table 5-7 shows the final values once these changes and additions were
implemented to the algorithm and the code. This stage verifies the accuracy for
contour, roof, floor and the infill.
Table 5-7: Final comparison of experimental and generated values after changes (Phase I)

Acceptable
Range

Theoretical

Variation

Experimental

Cuboid
Exterior
Cuboid
Infill
Cylinder
Exterior
Cylinder
Infill

Weight

Theoretical

Part
Name

Variation

Experimental

Time

Acceptable
Range

31:16

29:56

29:42 - 32:50

4.26

5.3

5.08

5.035 - 5.565

y

29:13

30:02

27:45 - 30:40

2.85

6.5

6.280

6.175 - 6.825

y

18:37

18:46

17:41 - 19:33

0.81

2.3

2.233

2.185 - 2.415

y

12:08

11:49

11:31 - 12:44

2.61

2.3

2.381

2.185 - 2.415

y

(%)

(%)

5.5.3 Phase II: Comparison of Data and Analysis
After the changes in Phase I are implemented, the remaining parameters are tackled.
An initial comparison with the generated values was made, as seen in Table 5-6, based on
which problem areas are identified and certain conclusions can be made.
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Table 5-8: Comparison of experimental and generated values for time and weight (Phase II)

Theoretical

Variation

Experimental

Weight

Theoretical

Variation

Experimental

Time

Acceptable
Range

Incomplete
Composite
Part (45˚)

60:32

61:20

57:31 63:34

1.32

8.9

8.98

8.455 - 9.345

0.9

Complete
Composite
Part
(42.5˚)

2:26:00

2:52

2:18 - 2:33

17.81

14.5

20.3

13.775 - 15.225

40

Complete
Composite
Part
(37.5˚) Heavy

2:19:00

2:52

2:31 - 2:47

23.74

17.8

19.9

16.91 - 18.69

11.8

Complete
Composite
Part
(37.5˚) Light

1:45:00

2:01

1:58 - 2:11

15.23

14.5

17.0

13.775 - 15.225

17.24

Complex
Part

3:43:55

3:22

3:32 - 3:54

9.82

23.2

23.7

22.04 - 24.36

2.16

Part
Name

Acceptable
Range

(%)

Similar to Phase I, various parameters exceed the allowed tolerance.

(%)

The

measurements and changes discussed in the previous section were performed and
implemented, reducing the errors in time and weight. However, there were still some
variations which needed changes and additions to the algorithm and code for improving its
accuracy.

5.5.4 Phase II: Algorithm Additions and Changes
Analysis for Phase II parts is different from Phase I due to the presence of support
material. The support material can be separated from the build, as seen in Figure 5-7.

Figure 5-7: Separated support (left) and builds (right) for the test parts being examined

This allows one to individually examine the weights for the part and the
combination of supports and interface, providing greater scrutiny for the comparison. The
time estimation pertaining to the parameters analyzed in Phase I are considered to be
correct for the sections of the parts containing these parameters, except when the variation
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in infill percentage is examined. Numerous minor alterations and additions were made that
shall not be discussed here. Major changes to the algorithm include:
•

Interface: Though the incomplete composite part manages to stay within the
tolerance, this is not observed on any of the finished composite parts. This indicates
an error that may be building up due to a missing parameter. To remove this error,
interface was added, having previously been considered an insignificant parameter.

•

Support: Boundary for support material was added at this stage, which balanced the
decrease in time caused by the removal of support deposition width from the
calculation, as the deposition should not affect the build time, only weight.

•

Infill Variation and Layer Height Variation: The lighter and heavier piece allowed
further calculations that can be used to verify the output values for the algorithm. The
weight of parts is expected to remain the same if all parameters remain the same and
only layer height is changed. On separating the part and supports for each test piece
(heavy and light), we get the weights of the part as 12.7 grams and 9.3 grams
respectively. In the weight from the infill is take as x and the weight of the remaining
components is taken as y, then:
𝒙 + 𝒚 = 𝟗. 𝟑
𝟐𝒙 + 𝒚 = 𝟏𝟐. 𝟕
⸫ 𝒙 ≈ 𝟑. 𝟑 𝒈𝒓𝒂𝒎𝒔, 𝒚 ≈ 𝟔. 𝟔 𝒈𝒓𝒂𝒎𝒔
This information is used when individual values of segments are compared.

Unfortunately, it is not possible to distribute time this way, as it is not certain that the
variation only occurs due the factors one is considering. Based on these changes to the
algorithm, the comparison was done again with acceptable results, as shown in Table 5-9.
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Time cannot be measured for the part and the support separately; hence, sections of the
table are displayed in gray.
Table 5-9: Final comparison of experimental and generated values after changes (Phase II)
Experimental

Theoretical

1.36

8.9

8.98

Part

5.7

5.54

Support

3.2

3.44

19.1

18.6

Part

14.2

13.4

Support

4.9

5.13

17.9

18.3

Part

12.7

13.0

Support

5.2

5.36

14.5

14.9

Part

9.3

9.59

Support

5.2

5.34

23.2

21.4

Part

14.0

14.1

Support

9.2

7.32

Incomplete
Composite
Part (42.5˚)

Complete
Composite
Part (42.5˚)

Complete
Composite
Part (37.5˚)
- Heavy

Complete
Composite
Part (37.5˚)
- Light

Complex
Part

1:00:32

1:01:14

Weight

(%)

Part Name

Theoretical

Variation

Experimental

Time

2:26:55
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17.005 18.795
12.065 13.335
4.940 5.460
13.775 15.225
8.835 9.765
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(%)

0.9
0.97
7.5
2.62
5.63
4.69

2.23

2.36
3.08

2.76

3.12
2.69
7.76
0.71
20.43
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From these results, one can see that there are still some parameters whose values
lie outside the acceptable tolerance. Unlike the initial testing, all are significantly smaller
except one.
•

The lighter composite part takes more time than estimated. This can be attributed to
the lowering of outline speed when printing thicker layers (in this case layers become
thicker due to the increased layer height). This phenomenon is not included in the
algorithm due to the increase in computation time whenever the layer height changes.
Additionally, the layer height can be any value between 0mm and 0.25mm, making it
impractical to assign different speeds for each value.

•

The inaccuracy in weight seen in the incomplete and complete composite parts can be
attributed to non-uniform deposition of material and variation in material density.
There is no trend seen where such errors are concerned, making it difficult to pinpoint
the source.

Figure 5-8: Divided support structure of the complex part
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•

The large breach of tolerance seen in the support material for the complex part is seen
due to a variation in support material deposition seen for the machine as the height of
the support material increases. The support material was broken into its cuboidal and
tetrahedral components (Figure 5-8). Though no differences are seen internally, there
is a difference in the boundary of the supports, indicating that the reinforcement is
higher for the upper part. This can explain the extra weight the support is carrying for
which the algorithm is unable to account. However, estimation of this excess is
difficult and will further increase computation time.
In the next chapter, the development of the app in Android Studio [98] is discussed.

This includes the interface and the implementation of the MATLAB code representing the
algorithm discussed in Chapters 3 and 4 as the backbone for the app. The chapter also
gives an overview of the steps to be followed by the user when using the app and its various
features.

Chapter 6
Implementation of the Algorithm in a Mobile App
Along with experimental analysis, a mobile app was developed to incorporate the
algorithm on a mobile platform with an appropriate interface. Implementation on a mobile
phone is not the same as that for a computer friendly version and requires additional
changes which make it compatible with mobile phones.

6.1 Android Studio and Overview of the Mobile Application
The application has been developed in collaboration with Devansh Modi using
Android Studio [98]. The mobile app comprises a loading base, an interface with input
options (identical to the ones required for the algorithm), and a second interface to display
the visualization of the part and the output values. The various steps to run the app and
execute the computation and estimation processes are described next.
•

The app is initiated using the icon shown in Figure 6-1a. Following this, the loading
screen appears (see Figure 6-1b), which lasts for 2-3 seconds, during which it loads
the interface. The application has been named as “CostApp”.
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Figure 6-1: Initiation of app - a) App icon, and b) Loading screen

•

Once loading is complete, the input interface of the app appears. Here the user can
add the STL file, choose an infill percentage, material, and layer height. The STL file
can be selected from either the phone’s memory or from DropBox [99]. The remaining
entries are selected from drop down menus as seen in Figure 6-2. Once all of the
entries are complete, the user presses the submit button to upload the choices and
initiate the cost and time estimation algorithms.
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Figure 6-2: Input interface – a) Initial, b) File selection, c) Material selection, d) Infill selection
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•

The output interface has a preview (Figure 6-3) that displays the STL file and allows
one to rotate it in all angles and zoom in or out to examine the part and identify sections
which may not be printed properly.

a)

b)
Figure 6-3: Preview of STL file in app – a) Normal, b) Zoom and rotate features

•

The rest of the interface carries tabs that display the critical information pertaining to
the manufacturability of the part. The computation may take a few seconds, in which
case the view shown in Figure 6-4a is seen. Once completed, the information is seen
in the cost analysis and build time tabs (see Figure 6-4b). The final tab is the share

88

tab, which allows the user to share the results via e-mail, thus allowing one to transfer
the results to a medium outside the mobile app.

a)

b)
Figure 6-4: Output generation for mobile app

•

The spanner icon seen in Figure 6-4 leads to the setting interface for the app, allowing
the user to change the display settings and better visualization, as seen in Figure 6-5.
The app is easy to use and provides adequate information for the user to assess

manufacturability of the part using AM. Hence, one can evaluate the feasibility of any
design instantaneously and save both money and time. The application has significant
potential due to the accessibility it offers. Most individuals own a cell phone today, and
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such an application makes process selection and part analysis easier and possible almost
anywhere.

a)

b)
Figure 6-5: Changes in settings - a) Settings interface, b) Changes preview

6.2 Implementation of MATLAB Code in Android Studio
Beyond what is visible to the user; however, additional functions are carried out
online to make it all possible. The application uses a cloud server based system for
executing the MATLAB code. This occurs during the waiting period seen in figure 6-4a.
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The app transfers the input data to the cloud server, which then executes the MATLAB
code for the same inputs, and sends the outputs back to the mobile app. This process
eliminates certain aspects of the original code and introduces some new ones as well, which
is discussed in the following section.

6.3 Changes and Additions for Increased Compatibility
Implementing the same functionalities and features for computer software and
mobile app are currently not possible. Thus, various changes can be seen between the two
versions of the algorithm. These are either done due to compatibility issues or to remedy
errors observed during the execution of the mobile app.
•

Compatibility Changes:
o

The graphical displays for the algorithm are removed for the app; instead, the app
displays its own version of the STL file. This is done as the graphical transfer is
too cumbersome, especially for the voxel-based models. However, the downside
here is the lack of support structures, which the voxel-based models display
accurately.

o

The STL file selection differs for each case. The computer version allows the user
to select a file present in the folder where the code exists and directly takes the
file in, whereas the app version converts the name of the file selected into text,
and then searches the directory for a matching file name. Such a method is not
practical for a computer as it would require the user to enter the name manually
each time, which is impractical for long or complex file names.
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o

The MATLAB code was vectorised and restructured for better execution, rather
than prioritizing readability of the code.

o

Initially, infill was not a parameter controlled by the user. This was added later
to the input interface.

•

Rectification Changes:
o

Once the STL file has been selected, a notification was added along with text
containing the name of the file being selected so that the user understands that a
selection has been made, and can see if the selection is incorrect.

o

The preview for the app was not compatible with smaller parts. This was dealt
with and corrected.

o

The user has been given the option of going back to the input interface and
selecting new files without closing and restarting the app.

o

A timeout notification was added to the application for parts that are too complex
and computation takes over two minutes.
The comprehensiveness of the app and the accuracy it offers provides a new

paradigm for assessment tools that aid in evaluating manufacturability of parts using AM.
It has been designed keeping the user in mind, with students as the initial target audience.
It is expected to be used as an educational aid, providing quick access to information critical
for accurate evaluation. Once the app has been thoroughly tested and perfected, it will
become readily available and easy to download and use. The next chapter provides details
about the advancements that are expected in the app, its limitations, and the activities that
will be performed before it is made available for download to the public.
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Chapter 7
Closing Remarks and Future Work

7.1 Summary of Thesis
This thesis focused on developing a software solution and mobile application (app)
for evaluating the manufacturability of a polymer 3D printed part using material extrusion.
AM has seen an exponential growth in the last few years, with polymer AM becoming
especially popular among the public due to its increasing affordability, growing interest,
and the compactness and availability of desktop printers. AM processes are challenging
traditional processes and gaining importance in various industries.

This growing

importance has created an emphasis on AM education and the importance of DfAM in
school and college curricula. The study by Lynn et al. [26] shows the importance of
educating students on part manufacturability and inculcating the ability to select the correct
manufacturing process for a given part. Various factors such as geometric complexity,
material, size, production time and cost play a major role in selecting the right process. A
preference for producing parts via material extrusion is seen, which is not necessarily the
best option but is selected by the user as printing facilities are readily available and easier
to use.

Designing parts keeping in mind the advantages and limitations of the

manufacturing process is critical as well, with design changes such as part light-weighting
being critical for AM. Exposure to DfAM is critical as its principles may vary based on
the machine, material, and the geometry of the part.
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This research has developed an algorithm and software solution for generating
information critical to process selection in additive manufacturing, such as build time, part
orientation, and cost by generating a voxel-based model for the part and analyzing it. A
user can analyze the design of the part and its appearance using the app, and at the same
time, be able to generate key information for aiding in the decision of selecting material
extrusion as a manufacturing process of the part. While most existing algorithms and
machine software rely on converting the file to g-code and using it to generate estimates
for such parameters, our code directly uses the STL file to do so. This method is important
in the case of a mobile app, as the requirement of the user may not be g-code generation
and printing each time, but understanding the feasibility of using 3D printing to build a part
based on the process selection parameters. The algorithm works on the principle of
segmenting the build time estimation into the various components of the build based on the
toolpath, such as contour, infill, and supports. It has been designed such that the processing
time is kept as low as possible. This is critical as the user should not have to wait for a long
time for computation to finish and final values to be generated. Thus, even though the most
accurate ways of measurements for time and weight for a given component of the build is
by following the toolpath, the techniques discussed in Chapter 4 are followed to decrease
computation time while the values generated are close to the experimentally obtained ones
that are discussed in Chapter 5. This algorithm is built on MATLAB and extends the work
of Tedia and Williams [29]. It is implemented on Android based mobile phones using
Android Studio. The user can access the app to input the STL file, select material, infill
percentage, and layer height and generate an interactive display of the part, along with the
output parameters for evaluating manufacturability.
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7.2 Limitations
Though the algorithm has been verified through experimentation, certain designs
may cause inaccuracies beyond the acceptable amount. Apart from the limitations and
assumptions discussed earlier, a few cases can be seen that cause the algorithm to be very
inaccurate. Longer builds (8 hours or more) were not tested for accuracy as large builds
often have other factors suggesting alternative manufacturing processes, but this may not
always be true. A major drawback of the app is its reliance on an internet connection in
order to access the cloud server where the MATLAB code is executed for the required
outputs. Additionally, the speed of computation is heavily reliant on the memory of the
cloud server being accessed for running the MATLAB code for the app, as discussed in
Chapter 6. Thus, the computation time may be slower than expected.

7.3 Recommendations
Although the experimentation performed for this study has brought an improved
accuracy to the app outputs, it is necessary to further validate them with additional
experiments.

An experimental design would be especially good for identifying

inaccuracies and any factors that may have been overlooked. The algorithm should also
be implemented for machines other than the Mendel Max 3. 3D printers such as the ones
produced by Makerbot are used widely, and it would be beneficial to cater to such
machines, especially considering that the algorithm for them would be much simpler than
the one currently prepared. The parameters that could not be verified in literature need to
be extensively examined in order to determine their role in build time and cost estimation.
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Where the mobile app features are concerned, that app has immense scope for
improvement in terms of user friendliness, additional features and lowering the
computation time for the cloud based server. The user base should also be increased and
the app made functional on apple and windows platform as well.

7.4 Future Work
The app will undergo rigorous trials in the coming year to isolate issues that have not
been encountered yet. Though it has been used extensively by the members of this project,
it is yet to be circulated for use and testing among students. Once such a robust trial is
completed, the app will be made widely available for students to use in the classroom for
a semester-long course. This will also provide an opportunity to gather enough data on
various issues that are currently listed as a limitation, such as the variation of travel time
over different parts to include the variation in travel time into the algorithm, thereby
increasing the accuracy in build time estimates. Once the final version of the application
is developed, it will be integrated with an analogous application for subtractive
manufacturing, being currently developed at Georgia Tech with Sculptprint [27] as its
backbone. The two applications will be combined to give a comprehensive mobile
application for evaluating manufacturability more broadly, paving the way to easier
process selection and design for manufacturing and DfAM education.

Appendix A
MATLAB Code for Main
clear all;
[filename,Pathname] = uigetfile('*.stl','Select the STL file');
prompt = 'Enter the desired material: 1 for PLA, 2 for ABS: ';
material = input(prompt);
while (material(1)~=1 && material(1)~=2)
prompt = 'Incorrect entry. Enter the desired material: 1 for PLA, 2 for ABS:
';
material = input(prompt);
end
thickness = 'Enter the desired layer thickness(in mm): ';
th = input(thickness);
infill = 'Enter the desired infill percentage(in %): ';
inf = input(infill);
[stlcoords,normals] = READ_stl(filename);
% Function READ! STL file can be
changed as desired. Or can use user input.
res=[0.5 0.5 th];
% Printer Resolution
theta=[0,0,0];
% Put Angle of rotation (for orientation) as zero initially
xco = squeeze( stlcoords(:,1,:) )'; % from what is read of vertices, first is x
coordinate, and so on)
yco = squeeze( stlcoords(:,2,:) )'; % Squeeze removes the singletons (1s) from
the dimension shift we did.
zco = squeeze( stlcoords(:,3,:) )';
axis equal
% Streamlining axes - unit lengths for each axis
xcomax=max(max(xco));
% Max of all elements in x,y and z giving us the bounds
xcomin=min(min(xco));
% Min of all elements in x,y and z giving us the bounds
ycomax=max(max(yco));
ycomin=min(min(yco));
zcomin=min(min(zco));
zcomax=max(max(zco));
voxelX= ceil((xcomax-xcomin)/res(1));
voxelY= ceil((ycomax-ycomin)/res(2));
layers= ceil((zcomax-zcomin)/res(3));
% Number of layers
n=[voxelX voxelY layers];
% Build Volume
x = [xcomin xcomax xcomax xcomin];
% Put them all together
y = [ycomin ycomin ycomax ycomax];
z= [zcomin zcomin zcomin zcomin]; % Keep all min to get only rectangle and not
cuboid
patch(x,y,z,'red')
% Create a filled polygon defining our bounds
in 3D space. Red gives color
% To retain the previous plot and not overwrite
[hpat] = patch(xco,yco,zco,'b'); % Fill in the polygon with the vertices of the
part
view([45 45])
axis equal
%figure
2
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%% Change Orientation
V1=[xco(1,:);yco(1,:);zco(1,:)];
% Define a 3x3 matrix for the thetas to take
values for using triangles
V2=[xco(2,:);yco(2,:);zco(2,:)];
V3=[xco(3,:);yco(3,:);zco(3,:)];
V1new=change_orientation(theta(1),theta(2),theta(3),V1); % Thetas take each of
the angles of triangle stored in Vn, where n = 1,2,3
V2new=change_orientation(theta(1),theta(2),theta(3),V2); % Use function to get
the new co-ordinates using vector multiplication
V3new=change_orientation(theta(1),theta(2),theta(3),V3);
xco=[V1new(1,:);V2new(1,:);V3new(1,:)]; % Get components of new co-ordinates
yco=[V1new(2,:);V2new(2,:);V3new(2,:)];
zco=[V1new(3,:);V2new(3,:);V3new(3,:)];
[normals]=
change_orientation(theta(1)*pi/180,theta(2)*pi/180,theta(3)*pi/180,normals');
normals=normals';
% Get new normals as well
xcomax=max(max(xco));
% Repeat process to get plot
xcomin=min(min(xco));
ycomax=max(max(yco));
ycomin=min(min(yco));
zcomin=min(min(zco));
x = [xcomin xcomax xcomax xcomin];
y = [ycomin ycomin ycomax ycomax];
z = [zcomin zcomin zcomin zcomin];
patch(x,y,z,'red')
hold on;
[hpat] = patch(xco,yco,zco,'b');
view([45 45])
hold on
axis equal
figure
% Results
patch(x,y,z,'red')
hold on;
%Manufacturability function for mesh, Min features and boundary
[OUTPUTboundary,gridCOx,gridCOy,gridCOz,OUTPUTminfeature,gridOUTPUTsupport] =
MANUFACTURABILITY(n(1),n(2),n(3),xco,yco,zco,normals,45,res,'xyz');
hold on;
[printtime,voxvol] = time(n,OUTPUTboundary,gridOUTPUTsupport,res,inf);
printtimehr = floor(printtime/60);
printtimemin = rem(printtime,60);
[finalcost,wgt]=cost(printtime,material,voxvol);
partl = xcomax- xcomin;
partb = ycomax- ycomin;
parth = zcomax- zcomin;
fprintf('The dimensions of the part are: %2.2fmm x %2.2fmm
x %2.2fmm.\n',partl,partb,parth)
fprintf('The weight of the part is: %2.3fgm.\n',wgt)
if printtimehr ~=0
fprintf('The time required to make this part is %2.0f hours and %2.0f
minutes.\n',printtimehr, printtimemin);
else
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fprintf('The time required to make this part is %2.0f
minutes.\n',printtimemin);
end
fprintf('The cost of making this part is $%2.2f.\n',finalcost);
plot_voxel(OUTPUTboundary,gridCOx,gridCOy,gridCOz);
Plot using the data obtained from Manufacturability
%hold on
cmap=[1 1 1];
plot_voxel(OUTPUTminfeature,gridCOx,gridCOy,gridCOz,cmap);
%hold on
cmap=[0.5,0.5,0];
plot_voxel(gridOUTPUTsupport,gridCOx,gridCOy,gridCOz,cmap);
view([45 45])

%
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Appendix B
MATLAB Code for Build Time Estimation
function [buildtime,netvoxelvol] = time(n,OUTPUTgrid, SOUTPUTgrid,
d,infi)
%Buildtime is the primary output, net voxels is outputted for cost
calculation. n is total grid, output grid is part, Soutputgrid is support, d is
resolution
%% Initialize
tempsupporttime(n(3))=0;
outervoxelarea=0;
raftvoxelarea=0;
interfacevoxelarea=0;
supportvoxelarea=0;
intermediate=0;
tabletime=0;
totallayertime=0;
contourtime(n(3))=0;
checktimecounter=0;
interfacetime(n(3))=0;
USEgrid(n(1),n(2),n(3))=0;
directioncounter(n(3)) = 0;
directioncounter2(n(3)) = 0;
sldirectioncounter(n(3)) = 0;
%% values
printspeed=2100;
%mm/min faster speed for roof, floor, infill and support
supportspeed=1200;
roofspeed=2700;
floorspeed=1800;
zaxismovementspeed=1380;
%mm/min table movement speed when it goes down
travelspeed=9000;
%mm/travel speed
outlinespeed1=1890;
%mm/min the slower outlining speed
outlinespeed2=625;
outlinespeed3=2350;
outlinespeed4=800;
outlinespeed5=540;
outlinespeed6=180;
interfacespeed=3000;
supportwidth=0.35;
%Width of support
outlinewidth=0.47;
%mm shell
interfacewidth=1.5;
interfacewidth2=0.33;
binfillwidth=0.35;
shells=2;
%% Calculations
Avoxel=d(1)*d(2);
%Floor area of 1 voxel
Supportgap= 3 +
supportwidth;
%Support Density Percentage(Please make sure 1/Ws is a whole number for
accuracy, else round off the number)
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supportdensity =
round(Supportgap/d(2));
mber of voxels in gap (This and previous can be outside loop for k)

%Nu

%% Roof and Floor
roofthickness=0.8;
%Thickness of Roof
floorthickness=0.8;
%Thickness of Floor
roofvoxeldepth = round(roofthickness/d(3)); %No. of roof voxels in Z direction
floorvoxelheight =round(floorthickness/d(3));
%No. of floor voxels in Z
direction
rfwidth=0.4;
%Extrusion width for floor and roof
roofcounter(n(3))=0;
%Initialization - Roof voxels
floorcounter(n(3))=0;
%Initialization - Floor voxels
rforcontour(n(1),n(2),n(3))=0;%Initialization - Counters for infill calculation
fforcontour(n(1),n(2),n(3))=0;
layerrooftime(n(3))=0;
%Initialization - Roof printing time
layerfloortime(n(3))=0;
%Initialization - Floor printing time
for k=1:n(3)
ifcounter=0;
p=1:n(1);
% Parallel grid for use in Contour calculations
q=1:n(2);
USEgrid(p,q,k)= OUTPUTgrid(p,q,k);
for i=2:n(1)-1
for j=2:n(2)-1
if((k~=1) && (k~=n(3)) && (OUTPUTgrid(i,j,k)~=0) && ...
all(all( OUTPUTgrid(i+(-1:1),j+(-1:1),k+1) == 0) ...
& all(SOUTPUTgrid(i+(-1:1),j+(-1:1),k-1) == 0)));
USEgrid(i,j,k)=0;
%Parallel grid is set to zero to remove roof from Contour calculations
m=1:floorvoxelheight;
%For the entire floor
if k+1-m > floorvoxelheight
%To prevent exceeding index
roofcounter(k+1-m) = roofcounter(k+1-m) + 1;
rforcontour(i,j,k+1-m) = rforcontour(i,j,k+1-m) +1;
end
elseif(k==n(3) && OUTPUTgrid(i,j,k)~=0)
USEgrid(i,j,k)=0; %Parallel grid is set to zero to remove roof
from Contour calculations
m=1:floorvoxelheight;
%For the entire floor
if k+1-m > floorvoxelheight
%To prevent exceeding index
roofcounter(k+1-m) = roofcounter(k+1-m) + 1;
rforcontour(i,j,k+1-m) = rforcontour(i,j,k+1-m) +1;
end
end
if((k~=1) && (k~=n(3)) && (OUTPUTgrid(i,j,k)~=0) && ...
all(all(OUTPUTgrid(i+(-1:1),j+(-1:1),k-1) == 0) ...
& all(SOUTPUTgrid(i+(-1:1),j+(-1:1),k+1) == 0)));
USEgrid(i,j,k)=0;
%Parallel grid is
set to zero to remove roof from Contour calculations
m=1:floorvoxelheight;
%For the entire floor
if k-1+m <= (n(3)- roofvoxeldepth) %Prevent exceeding index
floorcounter(k-1+m) = floorcounter(k-1+m) + 1;
fforcontour(i,j,k-1+m) = fforcontour(i,j,k-1+m) +1;
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end
elseif(k==1 && OUTPUTgrid(i,j,k)~=0)
USEgrid(i,j,k)=0;
%Parallel grid is
set to zero to remove roof from Contour calculations
m=1:floorvoxelheight;
%For the entire floor
if k-1+m <= (n(3)- roofvoxeldepth) %Prevent exceeding index
floorcounter(k-1+m) = floorcounter(k-1+m) + 1;
fforcontour(i,j,k-1+m) = fforcontour(i,j,k-1+m) +1;
end
end
if (k>2 && OUTPUTgrid(i,j,k)~=0 && SOUTPUTgrid(i1,j,k)~=0)
%For interface boundary
for m=1:round(interfacewidth/d(1))
if(i-m>0)
SOUTPUTgrid(i-m,j,k)=0;
ifcounter = ifcounter + 1;
end
end
elseif (OUTPUTgrid(i,j,k)~=0 && SOUTPUTgrid(i,j-1,k)~=0)
for m=1:round(interfacewidth/d(2))
if(j-m>0)
SOUTPUTgrid(i,j-m,k)=0;
ifcounter = ifcounter + 1;
end
end
elseif (OUTPUTgrid(i,j,k)~=0 && SOUTPUTgrid(i+1,j,k)~=0)
for m=1:round(interfacewidth/d(1))
if(i+m<=n(1))
SOUTPUTgrid(i+m,j,k)=0;
ifcounter = ifcounter + 1;
end
end
elseif (OUTPUTgrid(i,j,k)~=0 && SOUTPUTgrid(i,j+1,k)~=0)
for m=1:round(interfacewidth/d(2))
if(i+m<=n(2))
SOUTPUTgrid(i,j+m,k)=0;
ifcounter = ifcounter + 1;
end
end
end
end
end
interfacetime(k) = ifcounter*d(1)/interfacespeed;
interfacevoxelarea = interfacevoxelarea + (ifcounter*d(1)*interfacewidth2);
end
%% Infill Time
binfillcounter(n(3))=0;
Wp=infi/100;
%infill density percentage
infillcounter(n(3))=0;
%Infill voxels in each layer
infilltime(n(3))=0;
%Infill time for each layer
floorcheck(n(1),n(2))=0; %Check to see if voxel is interior of solid or not - 1
means inside, 0 means outside
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for i=1:n(1)
for j=1:n(2)
for k=n(3):-1:2
if (floorcheck(i,j)==0 && OUTPUTgrid(i,j,k)~=0 &&
OUTPUTgrid(i,j,k-1)==0 && SOUTPUTgrid(i,j,k1)==0)
%If voxel is boundary voxel at infill and
contour interface, moving into the part
floorcheck(i,j)=1; %Voxels from here on are inside the part
elseif (floorcheck(i,j)==1 && OUTPUTgrid(i,j,k)==0 &&
SOUTPUTgrid(i,j,k)==0 && fforcontour(i,j,k)==0 && rforcontour(i,j,k)==0)
%For all voxels inside the part and not in the roof or floor
infillcounter(k)= infillcounter(k) +
1;
%Add infill voxel for the given layer
elseif (floorcheck(i,j)==1 && (OUTPUTgrid(i,j,k)~=0 ||
SOUTPUTgrid(i,j,k)~=0)) %If voxel is boundary voxel at infill and contour
interface, moving out of the part
floorcheck(i,j)=0; %Voxels from here on are outside the
part
end
if (n(3)<150 && USEgrid(i,j,k)~=0)
binfillcounter(k)= binfillcounter(k) + 0.5;
end
end
end
end
infillvoxelarea=0;
for k=1:n(3)
layerrooftime(k)= (roofcounter(k)*sqrt(d(1)*d(1) +
d(2)*d(2)))/roofspeed;
%Time to
make the a layer of the roof
layerfloortime(k)= (floorcounter(k)*sqrt(d(1)*d(1) +
d(2)*d(2)))/floorspeed;
%Time to make the a layer of the floor
outervoxelarea = outervoxelarea + (roofcounter(k)*d(1)*rfwidth) +
(floorcounter(k)*d(1)*rfwidth);
%Voxel area of roof and floor, deposition is thinner
if (rem(k,2)==0)
infilltime(k) = (Wp*infillcounter(k)+
binfillcounter(k))*d(1)/(printspeed); %Generate infill time from infill voxels
infillvoxelarea = infillvoxelarea + (Wp*infillcounter(k)*Avoxel) +
(binfillcounter(k)*d(2)*binfillwidth); %Generate infill surface area from
infill voxels (1+Wp is present due conections between infill passes)
else
infilltime(k) = (Wp*infillcounter(k)+
binfillcounter(k))*d(2)/(printspeed); %Generate infill time from infill voxels
infillvoxelarea = infillvoxelarea + (Wp*infillcounter(k)*Avoxel) +
(binfillcounter(k)*d(1)*binfillwidth);%Generate infill surface area from infill
voxels (1+Wp is present due conections between infill passes)
end
%% Contour (outline)
for i=1:n(1)
for j=1:n(2)
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if ((k>6 && USEgrid(i,j,k)~=0 && ((i~=n(1) && USEgrid(i+1,j,k)~=0
&& USEgrid(i+1,j,k-4)==0) || (j~=n(2) && USEgrid(i,j+1,k)~=0 &&
USEgrid(i,j+1,k-4)==0)....
|| (i~=n(1) && j~=n(2) && USEgrid(i+1,j+1,k)~=0 &&
USEgrid(i+1,j+1,k-4)==0) || (i~=1 && j~=n(2) && USEgrid(i-1,j+1,k)~=0 &&
USEgrid(i-1,j+1,k-4)==0))));
sldirectioncounter(k) = sldirectioncounter(k) + 1;
elseif (USEgrid(i,j,k)~=0 && j~=n(2) && ((i~=n(1) &&
USEgrid(i+1,j+1,k)~=0) || (i~=1 && USEgrid(i-1,j+1,k)~=0)));
directioncounter2(k) = directioncounter2(k) + 1;
elseif(USEgrid(i,j,k)~=0);
directioncounter(k) = directioncounter(k) + 1;
end
end
end
%
Area of contour voxels
outervoxelarea = outervoxelarea +
shells*(sldirectioncounter(k)*d(1)*outlinewidth +
directioncounter(k)*d(1)*outlinewidth +
directioncounter2(k)*d(2)*outlinewidth);
contourtime(k) = (directioncounter(k)*d(1)/outlinespeed1) +
(directioncounter2(k)*d(2)/outlinespeed2) +(shells1)*(directioncounter(k)*d(1)/outlinespeed3) + (shells1)*(directioncounter2(k)*d(2)/outlinespeed4)....
+ (sldirectioncounter(k)*d(1)/outlinespeed5) +(shells1)*(sldirectioncounter(k)*d(1)/outlinespeed6); %Time for each layer, outer and
inner shells
%% Support
if(k>2)
sbcounter=0;
%First 2 layers are ignored as the part is lifted in each case with
support potentially deposited in the lifted section
for i=1:n(1)
for j=1:n(2)
if(SOUTPUTgrid(i,j,k)~=0 && any(any(SOUTPUTgrid(i+(-1:1),j+(1:1),k) == 0)))
sbcounter = sbcounter + 1;
end
end
%For every x coord resolution 1 pass
rowvoxelssupport=nnz(SOUTPUTgrid(i,:,k));
%Occupied support voxels in each pass
if(rowvoxelssupport~=0)
%If there actually are support voxels
if (rem(i,supportdensity) ==
0)
%if the pass is part of
actual pass
supporttime =
rowvoxelssupport*d(2)/supportspeed;
%Add support
building time
supportvoxelarea2 = (rowvoxelssupport*d(2)*supportwidth);
elseif (rem(i,supportdensity)~= 0)
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supporttime =
d(1)/supportspeed;
% Pass
along Y axis coonecting 2 main passes
supportvoxelarea2 = d(1)*supportwidth;
end
supportvoxelarea = supportvoxelarea + supportvoxelarea2;
tempsupporttime(k) = tempsupporttime(k) + supporttime;
end
end
tempsupporttime(k) = tempsupporttime(k) +
(sbcounter*d(1))/(supportspeed);
%Time to print support boundary
supportvoxelarea = supportvoxelarea +
(sbcounter*d(2)*supportwidth);
%Boundary support
width is twice of supportwidth
end %% Move to next layer
tabletime=tabletime+(d(3)/zaxismovementspeed);
%Time taken for table to move down each time
%% Travel Time
for p=1:n(1)
flag=0;
for q=1:n(2)
if (OUTPUTgrid(p,q,k)~=0)
flag=1;
break
end
end
if (flag==1)
break
end
end
if (k==1)
initial = (sqrt(p^2 + q^2))/travelspeed;
elseif (k==n(3))
final = (sqrt(r^2 + s^2))/travelspeed;
else
intermediate = intermediate +(sqrt((r-p)^2 + (s-q)^2))/travelspeed;
end
for r=n(1):-1:1
flag=0;
for s=n(2):-1:1
flag=1;
break
end
if (flag==1)
break
end
end
%% Check for minimum layer time
fs= ((infilltime(k) + tempsupporttime(k) + contourtime(k) +
layerrooftime(k) + layerfloortime(k) + interfacetime(k))<0.0833);
totallayertime = totallayertime + (infilltime(k) + tempsupporttime(k) +
contourtime(k) + layerrooftime(k) + layerfloortime(k) + interfacetime(k))*(1fs) + 0.0833*fs;
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checktimecounter = checktimecounter + fs;
end
traveltime = initial + intermediate + final;
%% Raft Time
rafttime=0;
raftmargin = 4;
raftspeedlayer1=600;
raftlayers=2;
raftspeed=5400;
for j=1:n(2)
extremeL=0;
extremeR=0;
tempL =0;
tempR =0;
for k=1:n(3)
for i=1:n(1)
if OUTPUTgrid(i,j,k)~=0
tempL = i;
break
end
if SOUTPUTgrid(i,j,k)~=0
tempL = i;
break
end
end
for i=n(1):-1:1
if OUTPUTgrid(i,j,k)~=0
tempR = i;
break
end
if SOUTPUTgrid(i,j,k)~=0
tempR = i;
break
end
end
if (extremeL > tempL)
extremeL = tempL;
end
if (extremeR < tempR)
extremeR = tempR;
end
end
rafttime = rafttime + 0.7*d(2)*(extremeR - extremeL +
2*raftmargin)/(2.5*raftspeedlayer1);
raftvoxelarea = raftvoxelarea + 0.7*(extremeR - extremeL +
2*raftmargin)/d(2);
end
rafttime = rafttime + (n(1)*2*raftmargin)/raftspeedlayer1;
rafttime = rafttime + (rafttime*raftspeedlayer1*(raftlayers-1))/raftspeed;
raftvoxelarea = raftvoxelarea + (raftlayers*n(1)*2*raftmargin/d(1));
%% Final Calculations
netvoxelarea = infillvoxelarea + outervoxelarea + supportvoxelarea
+interfacevoxelarea + raftvoxelarea;
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netvoxelvol = netvoxelarea*d(3);
buildtime = totallayertime + tabletime + traveltime + rafttime;
end
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Appendix C
MATLAB Code for Cost Estimation
function
[totalcost,Weight]=cost(time,polymer,voxelvolume)
%Not
Considered: Daily Usage (hours), Repairs Costs (%), Profit($), Failure Rate
(%), labor costs($)
%Material Costs
if polymer==1
density =
0.00125;
MaterialPrice =
0.04;
else
density =
0.00104;
MaterialPrice =
0.05;
end
Weight = density*voxelvolume;
%fprintf('Part Weight: %2.2f
\n\n',Weight)
Materialcost = MaterialPrice*Weight;

%g/mm^3
%Per gm (Coefficient)

%g/mm^3
%Per gm (Coefficient)
% The Weight of the part
%Uncomment if desired

%Build Time Costs
TimePrice =
0.08333;
%$/min
(Coefficient - $5/hr, this is pure valuation of time, nothing to do with
material, machine or labor)
Timecost = TimePrice*time;
%Overhead Costs
overheadrate= 2900/380000;
Overheadcost = overheadrate*(time/60) +
3.37*(time/60)*(240*0.76/1000);
%Machine life and electricity (Pennsylvania
Commercial Rate)
%Net Cost
totalcost = Materialcost + Timecost + Overheadcost;
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