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Li st of Ter ms

Additive ManufacturinghAM) 7 A manufacturing technology where a part is made by
adding material rather than removing it from a stock piece.

Fused Deposition ModelingeDM) i An AM process where a plastic filament is melted
and deposited.

Maker Movement A community of people who design, create, and build their own
objects through a variety of techniques, including 3D printing.

Makerspacd A lab open to the public witimany tools that can be used to develop
projectsand create parts

Nozzlei A metal funnel that heats up to melt the plastic filament. The nozzle diameter
determines the road diameter.

Feed Motoii A motor that pulls the filament from the spool and pust#sough the
nozzle.

Extruderi The assembly of a 3D printer consisting of the heated nozzle and feed motor
that follows the path set by the slicer.

Build Platei The area of theDM machine where the first layer of a part is deposited.

Sliceri A program that generates the path the extruder must follow to create a part.

Sterolithography$TL) 1 A file type that converts a surface into a series of triangles so
that acomputemodel can be easily processed by a computer.

Deposition Road (Road) The path that the extruder follows when printing the part

Raster Anglé The angle at which the roads are oriented from the X axis.

Infill T The internal structure of a part that is not seen in a completed part.

ShellT Roads which follow the perimetand comprise the exterior surfaces of the part
giving a smooth finisho the vertical walls

Air Gapi The distance between roads.



Chaptlenrt rlooduct i on

Since its advent in the 1980s, additive manufacturing (ANtgn called3D printing,
technology hasundergone unprecedented expansiono new materials and
applications. AM capabilities have exceeded the original scope of prototyping,
becominga method for creating eagse parts. This is due to the continual advances
being mae in AM research and technoloddroven potential in a number of fields has
fueled continual development into expanding the useable materials and tlseatcale

which 3D printing can be used.

1.1 Overview of Additive Manufacturing

AM was first adopted bgonsumers and organizations that were interested in creating
quick prototypes that did not require high dimensional qudlitg Maker Movement
embraced the 3D printing technology for many different personal applications,
including art, tech projects likelescopes, toys, personal versions of functional

objects like a gooseeck lamp, and many mo(g).

Improvements in useable materials and print quaditpwed hightechnology
industries to create parts that would otherwise be impossible with traditional
machining.Shea designed specialized lattice structures for customized helmet designs
(2). GE is using 3D printed fuel injectais minimize the number of welds and increase
safety and reliability(3). Educators are starting to see the advantages that 3D printing

can bring into the classroorhhis rising importance of AM technology imdustrial



and educatimal settings drives the need to understand all relevant design for AM

(DfAM) requirements for current and future part designers.

Significant national support is motivating research into AM proce3des Defense
Advanced Research Projects Agency (DARPAgated the Open Manufacturing
program to help increase the speed and quality of manufacture@partse National
Science Foundation (NSF) has programs for funding research on additive
manufacturing processes, materials, dnghavior in many of its divisionsThis
includesresearch experiences for teachers (RET) fdr2kieachers and community
college faculty NSF also fundsworkshops dedicated to the advancement in

understanding of 3D printing technology and its applicat(dhs

Attune to the national emphasis on additive manufacturing, many universities have
created spaces where students can go learn about and use AM technology for both
academic and personal proje¢s. Many universities including the University of
Maryland, are creating and expanding their fab labs to include more advanced
equipment, such as metal AM maching@ge University of Marylanchas created
Terrapin Worksa collection of services, through whistudents can submit parts to be

3D printed.Students choose the material and color for their priiitis allows anyone

to use the system and create a pattiout knowledge of the process parametéfiile

this service makes 3D printing accessible toghgre community, it does not reveal

the complexity of the process. More advanced services within departments (e.g.,
Mechanical Engineeringlequire students to articulate the end use of the part and

justify the selection of 3D printing to make it. Thiscbange with 3D printing advisors



helps the students understand the process and develop technological competence in 3D

printing (6).

Fused deposition motileg (FDM) printersare the most common AM machines in use.
FDM uses a heatatbzzle to deposit a fused polymer filament into layers that make up
the part.The geometries of these layelspendon parameters set by either the user or
themac hi n e 0 s program.Due gosthe megptively cheap cost of material and
varying capacityf FDM printers, FDM systems are commercially availdbtdhome,

office, and educational use

The education of future engineéssalso beingransformed byAM research andide-

spread availability of FDMrinters FDM printing has been a tool for bothuslents

and instructors. It has hel ped with engine
teaching valuable technical skills to studemsoject prototypes, which would take

days to build and test, now take only holraster design process iteratiggegmita

more complete set of options to be exptband tested to solve problems

Unlike traditioral material removal processe8D printing is a procesgriven
technology. The future of 3D printing does not depend sohnarc the printing
technology, but on the development of the materials that are compatible {ijh it
Growth of FDMtechnologyincreases the need toderstangtructural and behavioral
properties of deposited materials rathentkefiminating the need for this knowledge.
With sucha rapid advancemenf the new technologyeepunderstanding oFDM
technologyhas lagged behind its adoptiofhe simplicity of creating any part and
having a physical model can letalthe false assaption that goart created with AM

3



has the same properties as one created through traditional machining or nididing.
knowledge to understand aotly how these processes differ is not common or
complete. Likewisethe tradeoffs that must be addresadn designing and creating
a partare not fully understoodProper research and experimental testinrgneeded to

improve understanding of FDM processes to support this growing technology.

1.2 Research Question

The almost unlimited potential of the FDkchnology provides many paths for
meaningful research. This work focuses primarily on the use of 3D printers using

polymersby universityengineeringstudents for research and classwork

Research QuestionWhich 3D printer build parametersaind their interactions

significantly impact theéensilebehavior of the final paPt

Theresults found in the answers taglguestion will have impact on understanding the
capabilities of a class of 3D printers and highlight facts about printing procébsse
resuls will provide information for engineering student usarsl other usersf 3D

printers

1.3 How Fused Deposition Modeling Works

Creating a physical part with a FDM machine requires three main steps. The first is that
the model must be desigd. Next, the path the nozzle must follow in order to create

the part must be generated. In the final step, the machine builds the part.



In order to begin the process of creating a part through FDM, a 3D model of the part
must be created. Once that motetreated, it is converted into a stereolithography
(.STL) file. This file type takes the surface of the model, and creates a series of nodes
through mathematical integration. Connecting these nodes creates a surface which is

like the created part.

After the .STL file is created, it must be processed by a different program to generate
the build file for the FDM machine. These prograamscalled slicersSlicerstake the
surface model, and split it up into a series -alidensional layers. When theseday
are stacked, they create the original .STL model. Within each layesljdégrogram
creates the path that the nozzle must follow in order to lay down the strand of melted
material correctly to create the part. This pattern within the layer makése upad
geometry of the layer. This entire process of converting .STL files into road geometries

is called slicing.

Creating .STL files is relatively standardized across CAD prograaishere is much
greater variation between slice&ome printers use only proprietary slicers that are
provided by the manufacture©n the other hand, ope&wource printers are capable of
accepting build files from a variety of slicetsat are independently availablach
slicerprovidesusers withdifferentdegrees of process parameter control (e.g., variables
controlling road geometryPRarameters governirthe most basic control of the print,
such as layer height, print quality, infill density, or orientation. Others give full control
over all the pameters such as infill pattern, support location, shell thickness, printing

speed, and many more.



Once the print file is generated, it is sent to the priMest FDM printers are designed
to print materials with melting points between 16@nd 250C. The most common
arethe plasticsacrylonitrile butadiene styrene (ABS) with a printing temperature of

around 230C, and polylactic acid (PLA), with a printing temperature of around@05

1. The build plate must often be leveled. Depending on the printes,cdnn be
done automatically or manually.

2. The nozzle begins to heatp. Printing begins ncea nozzlaeaches the melting
temperature of the material.

3. A motor pushes the filament through theatednozzle, melting it. By
continuing to push the solid fitaent through, the melted filament is pudioeit
of the nozzle tip, onto the build plate.

4. The assembly of feeding motor and nozzle make up the extruder head, which is
mounted on a series of Cartesian linear motors. These motors move the head in
the X and Ydirections, while the build plate moves up and down in the Z
direction. Combining these movements allows the extruder head to follow the
path generated by the slicer until the part is completed.

5. Some printes will have a heated beat heated chambéo help the melted
material adhere tihe build plateThis is especially important with high melting
temperature materialsuch as ABSwhich tend to detach from the build plate

during printing.

A diagram showing the printing process is seerigare1 and Figure 2 is a photo of a

build area of a 3D printing machine.
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1.4 Organization of Thesis

This thesis follows thgath ofexplomationand expanding understanding of how build
parameters affect the ahpropertief 3D printed partsA literature reviewof research
done by other scientisthas been compileqChapter 2) Next, the preliminary
experimentalobservations that served as the motivation for the expansion of this
researchare explored(Chapter 3)Informed by the literature (and gaps within ibet

first systematic testand analyss onthe stress and strain behavior3@f printed parts
were developedChapter 4) These pilot testsuggested &ramework fo the DOE
factorial experiment and analysia Chapter 5which clarified observation®n how

some key parameters affect 3D printed part properties.



Chapter 2: Literature Review

The following is a compilation of research relevant to the exploration of 3D printing
and the need for a better undenstiag of how the process drives the properties. The
research is representative of the vast body of knowledge on the subject, and draws
useful conclusions on the current state and future of 3D printing. Due to the scope of
this thesis and the research gigstthe majority of the selected research deals with

FDM printers.

The expansion of 3D printing into education, highlighting some of its advantages and
disadvantages is explored. Studies on the effects of parameters carg@axeamined.
Research into $ang some of the issues with 3D printed parts is discussed. The current

state of development of design rules is summarized.

2.1 Effects of FDM Build Parameters on Part Properties

Many parameters can be adjusted and studied with a versatile slicing software. Qureshi
(17) tested 13 independent process parameters and ranked them according to the
magnitude of their effects on the tensile streragtimeasuredacording to the ASTM

D638 standard. His results ranked the most important parameters as the thickness of

the part, the number of shells, and the raster angle.

Several authors have shown that the strongest orientation for tensile specimens is when
the roadsare parallel to the applied force direction. For exampleS&d (18)
performed tensile tests following the ASTM D638 standard on parts with various

alternating and nealternating layer orientations. Findings were the numbé&yefrs
9



oriented parallel to the applied force is directly related to the tensile strength of the part.
However, if there are no roads oriented parallel to the force, parts made with alternating

layers were stronger than those made with-aternating layes at the same angle.

Expanding on part orientation research, Dawoud € 8).investigated the effects of

layer orientation when each layer raster orientation is offs80bjrom the previous

one. They divided findings intthdse with a positive air gap and those with a negative

air gap. Using the DIN EN ISO 52 standard for tensile testing, the parts with rasters
oriented a#5/-45° and a positive air gap showed a significantly higher strength than
those withother orientabns However, with a negative air gap, the parts wi®00/
oriented rasters had a slightly higher ultimate strength than those with other
orientations. It was demonstrated that the denser a part is, the less effect the layer

orientations have on part perties.

Yang et al.(20) found similar effects of the air gap. Yang printed parts following
ASTM E8/E8M with layers oriented parallel and perpendicular to the force. All layers
had the same orientation. The parts with rasteesitad along the direction of the force

were stronger than the ones with rasters oriented perpendicular to the force. However,
there was a smaller difference between the parts with the negative air gap than the ones

with a positive one.

Rankouhi(21) studied layer thickness and found that the thickness of each individual
layer also had a significant effect on the tensile properties of parts created with ASTM

D638 dimensions. He tested different layer orientations at different tlaiggnesses,

10



and found that parts printed withegerthickness of .2 mm performed better than those

with thicker layers.

In addition to tensile properties, the build parameters have been used to study other
mechanical properties. Mohamed e{(2R) studied the dynamic viscoelastic properties

of 3D printed parts in order to develop some failure models based on cyclic stresses,
forces, or vibrations. The ASTM D5418 standard defined part dimensions. The thinner
layer heigh$ of .127 mm resulted in the formation of more pores between layers, which
led to cracking. The positive Air gap was shown to have varying effects based on the
desired properties. A smaller gap created stronger parts, but a wider gap allowed for
more reflav, and raised the thermal conductivity, lowering the stress accumulation,

which could otherwise lead to cracks.

Teitelbaum switched from studying mechanical properties of parts to processing
properties. He studied effects of layer orientation on partl himile and material use.

Teitelbaum created a library of parts, ranging from simple to complex, and used the
Stratasys CatalystEX software to slice the parts. He used the same parameters for every

part, and only changed the orientation of the part onulfié plate during the slicing.

The results showed that orienting the partéZtresulted in statistically less material

use and faster build tim@3). This was due to the sliceros
which was seat45°from the XY coordinate system. Orienting the part parallel to the

raster direction allowed for longer lines to be made along the whole length rather than

shorter lines at an angle within the part.
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Thanks to work by these and other researchers, thesiectdividual parameters is
starting to become clearer. However, the interaction effects between parameters can
also play a significant role in determining the part properties. Lanzotti et al. began an
exploration into these interaction effects. Through3 factorial analysis, they
determined the main and interaction effects of layer thickness, deposition speed, and
flow percentage on the resolution of prints. They compared the dimensions of a printed
part with those in the computer model. This allowasights into both the effect on
quality of the prints, as well as on the repeatability of the process. While the effects of
these particular interactions were determined to be statistically insignificant, the

existence of interactions between parametessshawn to exis24).

2.2 Strengthening 3D Printed Parts through Material Additives

Many researchers examimays to strengtheselected parproperties. Of particular
interest is the research aimed at reducing the anisotropy of the parts. If the anisotropy
could be lowered enough, certain parameters such as build orientation could be ignored,

making it easier to develop design guidelines.

Torrado(25) has had success with modifying the material itself. ABS was mixed with
other material§metals and other plastic®arts were printed according to ASTM D638

in different orientations to compare the magnitude of the éifilees between the two
orientations. A lower difference means a lower anisotropy. The different combinations

were testedemonstratinghat it is possible to lower the anisotropy of 3D printed parts.

Shaffer(26)attempted to reduce the anisotropy by using a different composite material,

and treating finished parts with ionizing radiation. Parts following ASTM D638 were
12



printed in different orientations. He then used radiation at different temperatures to see
if there was an optimal poiat which to treat parts. At 6G; he was able to raise the
ultimate stress of horizontally printed parts to 35.9 MPa from 23.5 MPa. Comparing
this to the 55 MPa of the vertically printed parts shows a significant decrease in

anisdropy.

Another researcher, PergZ7), looked at the fracture behavior of modified ABS parts.
Parts were designed according to the ASTM D638 standard and printed with both pure
ABS and the modified ABS. While pure ABS showed atiteifracture, the modified

ABS showed brittle fracture. There was much less elongation before the break in the

modified ABS, which is to be expected when dealing with brittle fracture.

Wu (28) decided to try a new material altdlyer, stugting the properties gbolyether
etherketone (PEEK), a different thermoplastic. He did a similar study to that of
Rankouhi(21), whereWu tested different orientations and layer thicknesidesised

the GB/T 164211996 standartbr preparing the parts. PEEK showed a slight increase
in tensile properties. HoweveWWu found that parts made with layers alternating
between © and 90° showed a higher tensile strength than those with46iel5°

orien@tion. This is contrary to the findings of other studies, which tested ABS.

Weng (29) combined nanocomposites with ABS so as to improve the material
properties of the part. Parts were printed out of the different materials uSifigl A
D790-03.Wengsucceeded in increasing the strength in tension by 43%, but he did not
test different orientations to see the effects on the total anisotropy of the mixed material.
However,We n gdsearch approached another issue with 3D printed {paetgping.
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Material is extruded at high temperatures, but then cooled to room temperature. These
temperature fluctuations can cause layers to expand and contract during heating and
cooling, which could warp the part. Weng showed that his modified ABS hadh

lower coefficient of thermal expansion than pure ABS. This means that as the part goes

through heating and cooling, it will deform less, and so give much more precise parts.

Belter(30)took a different approach, and decidedise resin to fill pores in the printed
parts. His tests consisted of changing the infill, creating a hollow shell, and modifying
the internals of the part. The resin had similar properties as the plastic, but gave the
entire part more isotropic propeysi.Belterthen did a flexural test following the ASTM

D790 standard. The resin proved to be stronger than even 100% dense ABS.

2.3 Developing Design Rules for Additive Manufacturing

After seeing what profound effects the build parameters can have on part properties,
the need to develop design &aditive manufacturingDfAM) rules is evidenDesign

for manufacturing rules for traditional machining have been commonplace for a few
deades. Howevethe growth of3D printing has been so fast, that standards and design
guidelines have not had time to catch up. Without guidelines, everyone must rely on
their own knowledge of the process. Gao et al. states that this lack of desigradses le

to a waste of resources attempting to reach desired features through trial a(@Lgrror

Much of themost recentesearclon DIAM has been performed for more advanced
additive technologies, such as metal printing, which uses lasers to melt metallic
powder. Vayre et al(32) developed some basic guidelines for part designing to

increasestrength andptimizefabrication of a pamhen usingselective laser sintering
14



Their research showed that the laser would create inconsistencies at sharp corners
wherethe laser would need to decelerate and then accelerate again. This led to a longer
dwell time over those coer regions, melting them more than the straight areas.
Therefore, one of the rules suggested was to make rounded corners, which would allow
the laser to continue at the same speed throughout thé layerbTinis ik similar to

the commonly accepted dgsi rule developed for injection molding, where sharp
corners can have similar problems when the liquid polymer is pushed into the cavity.
Vayre et algo on to develop a set of rules for designing gaytdM by the following
stepsanalysis of the specdation, developinghebasic shape, setting parameters, and
parametric optimization. Each step takes the general design rules for developing a part

and modifies it specifically for laser sintering AM.

Somerecommendedesign rules were specific to certapplications. For example,

Zein et al.(33) studied the effects of printing parameters on the porosity and channel
sizes of tissue scaffoldin@EM images of sample cressctions perpendicular to the

road patternshowed clear differences in structure depending on the orientation of each
layer. Zein et al. observed correlations between layer orientations and properties of the
tissue. Pores created between layers were larger in the scaffolds with layers alternating
between 0 and90* than in ones with layers alternating between 0°, 60°, and 120°.
The channels between filaments in each layer were found to have the opposite
correlation. The Dand 90° alternating scaffolds were also found to have a higher
stiffness tlan the 0°, 60°, and 120° scaffolds, but similar yield strength. From these
findings, Zein et alwere able to develop some guidelines for tissue engineering based

on the required strength and porosity requirements.
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Shea, a design specialist in truss stures, and her colleagues combine the design of
3D printed lattices withoptimization (2). They researched multnaterial lattice
structuresn order to understand the anisotropic properties of the structures. Their goal
is to usethis research in order to develop a method for making helmets formed to the

shape of t.he usero6s head

The Direct Manufacturing Research Center (DMRC) at the UnivessiBaderborn,
Germany began a three year project in 2010 to develop a comprehetvdesign

rules for basic components and features common to many parts. DMRC researchers
studied these rules for different AM technologies, including laser sintering and FDM.
Their premise was that, as is true of injection molded parts, most compiexaabe

broken down to a series of more basic shapes and transitions. These shapes and
transitions would be the target of the design rules. The final project consisted of about
60 different shapes and transition elements, each with specific rulesitpridgghem

to be as efficient as possible. A follawp project has begun that intends to test and
expand these rules further to include a broader set of machines and process parameters

(32).

2.4 Additive Manufacturing in Education

The broad use of 3D printing in education is due in part to the maker movement.
Through the development of makerspaces and exhibitions such as themwdearlid
Maker Faires, an informal education with 3D printing was bg@)nThesespaces

allow people of all ages to develop their ideas and turn them into physical parts. In the
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process, these people learn the technical skills of using 3D printers and other 3D

software.

The attraction of the maker movemeeacheda wide breadth ofceiety. People from

all different backgrounds, ages, and disciplines have become part of the movement.
Drawing from the experiences and skills of such a broad group of people has
transformed the way that peopl eindustrialk a't
revol @Q.i ofnhoi s fArevol utiond has |l ed to a
available to create, expanding the informal education that anyone can tap into to learn

through making.

The maker movement hasactis on the sharing of invention and creativity, something
that can be used by students in academic settings as well. Make Media, one of the
driving forces behind the maker movement has developed the Maker Ed program,
which helps make the tools for harats learning accessible to everyone. They run
workshops with young students focused on interaction with others to develop a project

(1)

The ability to create physical parts directly from computer models can change the way
manufactuing and designing is approached. It gives a physical form to work done in a
virtual space, allowing the bridge between the digital and physical world. This has been
used to revitalize the vital studio work that has been in decline in higher edyé&afion

This rekindling of interest in designing models and creating parts has led to a new wave

of engineers learning through building and haadsxperiences.

17
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This increase in interest has led to a growth in makerspaces and fah labsy
universities. These spaces are either closed spaces where staff run the prints, or open
areas where students can run the machines themselves. The University of Texas has
taken the makerspace idea one step further, and developed a 3D printingyvendin
machine. The machine consists of two Makerbot printers outfitted with specialized
parts such as an automated part removal system. Its automation and ease of use has had

great success with both engineering and-@ogineering studen{d3).

Fab Labs provide opportunities to improve design process learning. Smith et al. studied
how a design process can help in the development and understanding of ideas. They
found that when starting with a loose, general idea for a problem solitedesign
process would come to a stop quickly. However, structuring the design process to look
at more concrete solutions and iteratively improve upon them, the student was able to
be more engaged and solve the prob{gd). 3D printing can be beneficial to this kind

of learning, because it can give a physical representation of a solution. With something

physical, it becomes easier to see flaws in the current solution and develop a better one

(6).

While the advantages are many, the relative ease with which a computer model can be
turned into a physical part can have downsighen used in the classroomlikstein
describes the fAKeychain Syndrome, 0 where
considered wheuwsing the technology. He says that the rewards from making a part in

this way are too great for the little work required to mak@)it No calculations or

engineering understanding is requirBldnethelesghe part is madeand t is visually
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appealing Blikstein uses the keychain example as a case of technical literacy.
Technical literacy is what allows someone to use a machine and follow the instructions,
while technical competence comes from knowledge of the process at &delép)!

With the speed of development of 3D printing, technological literacy has been mistaken

for technical competence due to the ease of use to make a visually appealing part.

Whil e the AKeychai n Sy nemiogrimesomecasas,itibam det r i
also be fruitful in others. For example, Buehlet et al. studied the use of 3D printing for
education of students with intellectual disabilities. The ease of making a 3D printed

part yielded a boost in confidence in theselstus. This confidence allowed them to

expand and use their technical skills beyond what they were capable of before the class

(15).
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ChaptbDeermo3n:stration of Slicer Di

f

The motivation for this researSutlentvebh s bor n

Manager at the mechanical engineering machine shop at the University of Maryland.
In this capacity, he managed 3D printing builds for students in the design c&inses.

hand experience of helping students design, manufacture, and test prototypes for
classesgdemonstrate@dn evident lack of knowledge of 3D printin@ften, heu s er 6 s
end goal was usually a visual prototype, not a functional one. Little knowledge about
what parameters could be controlled or how they affected the part was shown. Students
viewed 3D printing as the replacement to traditional machining, rexgardf part size

or complexity.

Looking at parts made by different machines showed slight diffesereven on the
surface. These observations inspired a deeper look into how the same part is made on
different printers. The drar for the work in this chapter ithe questionfiAre there
significant differences inhe road geometries generated by slalgorithms for the

Dimension 1200es, CubeX Trio, and Makerbot Replicator 2X 3D pririters?

Content used in this section was presented at the 2015 International Conference on

Engineering Design in a paper titled, AA

Deposil6hi ono

3.1 Methodology

The printers and software used for this comparative analysis are a Dimension 1200es

printer using CatalystEX software, a CubeX Trio printer using Cubify software, and a
20
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Makerbot Replicator 2x using Makerbot Desktop software. These 3D printer models
were selected for exploration based on their availability for home, office, and

educational usél'heir properties are summarizedTiablel.

In order to compare the road geometries of different printers, it was necessary to create
3D computermpart models andprocess theSTL files through the slicer software for

each printer. The roageometrieshat make up the layers in a part dependlgarithms

written into the slicer softwareRoad deposition codefor these printersare not

modifiable by the user, but are internal to the system

Tablel: Properties of printers used for slicer comparison

. Slicer Maximum Build .
3D Printer Software Volume (mm) Materials | Nozzles
Dimension
1200es CatalystEX 254 x 254 x 305 ABS 2
. . ABS,
CubeX Trio Cubify 230 x 265 x 240 PLA 3
Makerbot Makerbot ABS,
Replicator 2x Desktop 246 x 152 x 155 PLA 2

There are three main road geomettieg make u@ part: the shells, the infiland the
surface layersA 3D model of aectangular block wsauseda study these geometries
The blockwas 100x 30 x 20 mm in size, with througholes of various sizes ranging
from 1 mm to 20 mm in diameteFigure3). The imageprovided later irthis section
were obtained by running the slicer software on the test lnhmdelwith the 200mm

side oriented in the horizontal direction (along thexis of the printer)
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Figure 3: Test block used for slicer comparison. All dimensions in mm
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Each slicer has simulationtool thatdisplaysthe pard s d e p o ssiattdiffevpent | ay er
slice heights. These slices show the roads that make up each individudhlayder

to see the details of the road geometry within the software, it was necessary to zoom in

on each layer. This limited the view of the entire p@ibservaions were made

primarily on the area with the three smallest holes in the left of the block shown in

Figure4.

Figure 4: Area used for detailed views of slicer generated roads

3.2Investigation and Comparison of Slicers

3.2.1 Shells

Shells are the roads that create the vertical walls of theTpase ar¢he surfaces that
are created along theaxis of the build voluméseeFigure2). Shells stack up to form
surfaces that will be visible from the outside of the finished pag.perimetersf the
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test blockconsist of the external walls of the block and the walls inside the Rdes.
geometryof the shells give a more uniformnish to external surfacesSlicers
accomplish this by generatirggsingle, continuous road, which follows the peringeter

of the partregardless of the part geometry.

There are differences shnell geometry between tisticers

Dimensior® €atalystEX slicer
1 Each layer has two parallel roadsmprising the perimeter faxach
external feature.
CubeXTriob6 €ubify slicer
1 There are deast threewo parallel roads comprising the perimeter for
each external feature
1 Shells are not identical between layerse Taur bottom layers have
four shells each, while the rest of the part has only three shells per layer

(Figure®).

Maker bot Replicatords Makerbot Desktop

1 The user can set the number of parallel roads comptisangerimeter
for each external featurd@his is not an option availabi@ the other
programsFigure7 shows the layer with 2 and 7 shells

1 Thenumber ofshellsdoesnot vary between layers.
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Figure 5: CatalystEXsimulationshowing 2 shells around the block and holE®e lines represent the
centerline the nozzle will follovidarkened lines highlight the 2 paths that make up the shells on the
outer surfaces
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Figure 6: Cubify simulationshowing a) 4 shells on the lower layer and b) 3 shells on the upper layer

Figure 7: Makerbot Desktop simulation showira 2 userset shells and b) 7 useet shells

3.2.2 Infill

The infill roads are deposited with a back and forth rastering motion, which fills the

spaces between ttehellsto yield a semsolid part.Because of this behavior, the

orientation of the infill roads is referred to as the raster orientatloninfill geometry

is critical topart performance becauseélittates thelensityofthepartA par t 6 s densi
is determined by the distance betweddill roads. This distance is callethe air gap.

The smaller tk air gap, the denser the part. A negative airigdicatesoverlapping

roads and a fully dense part.

Dimension CatalystEX slicer

24



1 Raster anglealternate betweea5° and-45° (relative tothe X axis in the
X-Y plane of the build plate)n successive layees seen ifrigure8. For
the test blocka high density (though not solid) infillas chosenresulting

in a positive air gap.
CubeX Cubify slicer
1 The aster angle od5° does not alternate between laygfgjure9).
MakerbotRegdicator Makerbot Desktop slicer

1 Rasterangles alternate betweed® and90° on successive laygr
1 Thesecond from the bottotayer shows gridlike patternn the simulation
(Figure 10). It is impossible to verify theoad orientationsni this layer

without physically printing the part
3.2.3 Surface Layers

Surfacelayers give clean finishes to the top and bottuonizontal surfacegust as
shells give clean finishes to vertical walls of printed p&tsface layers usually have
a different roagpattern than the infill, though theyre still created through the same
rastering motion This smooth finish on the mite surfaces can lead to a false

impression that the internal structure is just as dense as the surface.
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Dimension CatalystEX slicer

1 Surface layers hawan air gap of zer@Figure8).
1 There s one surface layer on the top and one on the battdine test block
91 Surface layerasterorientation follows the alternatings® and-45° raster

orientation found in the infillayers.

CubeX Cubify slicer

1 Surface layers ha an air gap of zero.
1 There arel surface layers on the top, and 4 on the botibthe test block
1 The ottom 4 surface layer raster orientations repeat aigufe11); the

top four layers alternate between 0° &€ (Figure12).

Replicator Makerbot Desktop slicer

1 Surface layers had air gaps identical to those found in infill layers.
1 Surface layerasterorientation follows the alternating 0° a®d° raster

orientation found in the infill layers.

Figure 8: CatalystEX rater angles alternate betwedst and-45° a) infill layer orientation, b)
successive infill layer orientation, c) top layer with smaller air gap betweads
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Figure 9: Cubify infill layers at45° do not alternate raster angles between layers: a) infill layer
orientation, b) successive infill layer orientation
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Figure 10: Makerbot Desktop raster angalternate betweerf @nd90° a) infill layer orientation, b)
successive infill layer orientation, c) exception to alternating layers showingigeighattern

Figure 11: Bottom layers do not alternate deposition angleshattom layer orientation, }2nd layer

orientation

Figure 12: Top layers alternate betweefi @nd90° a) top layer orientation, b) successive layer
orientation
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3.3 Updates and Unknowns in Slicer Software

Between thetimes of theexperimentation and the analysis, the CatalystEX and
Makerbot Desktop slicers were updat€dese updates made changes to the algorithms
that determined the road geometNo notification of the update content was made
evident upon installatio The changes to ¢hCatalystEX algorithm werenly noticed
when reexamining the slicemulationwith the original test blockit was found that,
while the surface layegeometryremained identical to the previous sedre version,
morehighdensity layrs were added below that surfatlee previous software version
had a single top and bottom fage layer with a zero air gap. The newer version
replaced the three infill layers below the surface layerstatisitionlayers that had a
different geometry Thesetransition layers hadan air gap slightly larger than the

surface layers, but smaller than the infill layéfgyure13).

Figure 13: Changes in CatalystEX softwasbowing asurface layer (left), an infill layer (right), and
one of the new transition layers (center)

\N
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The previously usedersion of Makerbot Desktop generated almogagervariation

The updated slicalgorithmvaried the road geometry as given in fbowing list:

1 The top 2 surface layer raster orientations are fixedat

1 The next 10 surface layer raster orientations alternaite/-4t°
1 The infill layer raster orientatioredternate at/®0°

1 6 surface layer raster orientations alterna#bat45°

1 The bottom 4 surface layer raster orientations are fixd&°at

Figure 14: Makerbot Desktop simulaticafter update showing new geometries of layers

3.4 Physical Evidence and Resulting Behavior

Microscopy was used to provide actual photographic evidence of the road geometries
in the test block. Breaking a test block without deforming or melting it was necessary
to reveal interior road geometry. Two test blocks were printed on the Dimension, one
oriented with alternating 4515 raster orientations, and the other with alternating 0/90
raster orientations. Using a similar procedure to that used by Zein(88)dhe parts

were placed in liquid nitrogen for five minutes ilithhermal stability was reached.

The parts were then broken by impact force from a metal shear. This gave some
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directionality to the fracture location. The results of the fractures are sEegune

15.

Figure 15: Fracture surfaces for parts with 485 and 0/90 raster orientatior{$6)

A test block was also broken at the thin point betweeoulter rectangle perimeter
and the largest circle. A closer study of the fracture surfaces showed interesting

behavior near the shells of the cirdregure16).
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Figure 16: Fracture surfaceof shown crossectional area showing incomplete infill road geometry
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Figure 17: Sketch of actual and ideal part shape based on existing infill road geothéjry
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The infill roads follow a repeating pattern, alternating between a road and an air gap.
This was seen in the slicer simulation. However, at this particular point, the distance
between the outer rectangle shells and the shells of the circle is not an integer of this
pattern. There is not enough space to deposit a road, so the spacing between the last
infill road and the circle shells is greater than the air gagu(e17). When the next

layer is deposited, the roads are stretched across this larger gap. However, the distance
is too large to adhere properly, and the road droops into the gap, barely connecting with

the shell on the other side.

3.5 Summanof Findings

Thisinvestigation revealed stark differences between the road geometry of shells, infill,
and surface layergenerated by CatalystEX, Cubify, and Makerbot Desktop slicers.

The major differences are summarized able?2.
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Table2: Summary of major differences between slicer software

Slicer Shells Surface Infill Raster Orientation
Layers
CatalystEX 2 1 Every layer alternates
: Top 4 layers and betweef 4
Cubify 34 4 and &'
Makerbot User 0 All layers except ¥ from
Desktop defined bottom

The same part built on these different printers ok the samdrom the outsideThe
differences are only apparent when examining the interior geometry through the

simulation.

Updates to the slicesoftware can occur at any timand add unknown printer
instructionsthat may change road geometry. While the changes are designed to be
positive for the user, (e.g., the CatalystEX update created smoother sutfemeaye
hidden from the user.hEre isno easy way of knowingghichchanges occurred without

examining the sliced models and comparing them to previous versions.

Physical parts printed using the CatalystEX algorithm in different orientations showed
physical differences in the interior struauof the part and in its fracture behavior.
However, the simulation does not show what happens when the part geometry is not
fitted to the repeating road geometry patt&igufe16). This suggests a design rtihat

the part dimensions should be related to the road widths in a specific way.

The observations in this chapter demonstrated a difference betweeartte par
printed on the selected printeomeone with only technological literacy would be

able to make a part on each printer, but would perceive them all as iddntmaler
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to design a part for performance student would have to understand how therslice

algorithm generates the roads.
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ChaptPerl od: Test s

After observing the differences in slicer behavior, the effects of those diffeneaoes
examined In order to do this, parts were printed with varying parameters and their
tensile properties werested and compareiihe pilot tests wereonducted on parts

with varying orientation, thickness, anthmping direction of the tensile tester wedge

grips.

4.1 Methodology

One of themost basic testior determining material and part propertieghe tesile

test. There are currently no tensile testing standards specific to 3D printed parts, but
Chapter 2 included the different standards used by researEbersxample, ASTM

D638 is a standard for tensile testing of plastics but was used for 3D ppetaohens
(17)(18) (21). Thepilot test specimens were based off tingt strips used by Ahi34)

in his researcin order to avoid the unwanted stress concentrations present in standard

dogbone shaped test specimens.

4.11 Part Design

The modeling of the parts was done using Creo Parametric 3.0. The original dimensions
wer e taken f ({34, follokimgnhé ASTM B3039 standardhis standard

was designed for polymer matrix composite materidie. structure of 3D printed parts

is similar to that of composites made of polymer and air gapsh part was created

with specific dimensions based on tharameterghat wereto be studied in each

particular testFigurel8illustrates the dimension terminology used to describe the test
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parts.The lengths of the parts were held constrt inches. This was to ensure that
there was enough length ¢tampthe parts in the tensile tester grips while still having

a 500 mm(19.68%) length betweethe grip edges

ThicknessI

Width &

Figure 18 Part dimension terminology

4.1.2 Printer

The printer used to make parts was the Stratasys Dimension 1200es (Dimension). This
printer was selected due to its ability to build consistent parts across various locations
on the build plate and at different times. The sealed, heated enviroisneeitital to

this consistency, becauseniaintainsa uniform temperature of 98 and constant
humidity during the building process, ensuring that parts printed at different times will
have similar propertied4inimizing thevariation from the printeallowedfor a clearer

evaluation of theféects caused by the selected parameters

4.1.3 Slicer

The slicing was done using CatalystEX software, which is the proprietary software
required to run prints on tH@imension.This software allows the user relaly little

control over the build settings. The densi
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ASpairksiegh Densityli bovwnide MmsSiptay.see The part

automatically oby user inputin order to ensure equal build settings acpasts, they

were orientedy user inputRegardless of how the part is oriented, subsequent layers
will alternate the raster angle B@°. If the first layer is oriented &5°, the next layer

will be oriented at45°. In the same way, a layasteroriented aB0° will be followed

by a layerasteroriented at . Once the density and orientation were selected for each
part, the software sliced the part and positioned it on the simulated build plate. The

program was then sent to the printer.

4,14 Tensile Tester

Once the parts were printed, they were tested on a Tinius Olsen H25KT tensile tester
(Figurel9) in order to determine the behavior under tensile load. The Tinius Olsen had

a 25 kN load cell attached to it.

1. The part dimensions were input in the software. This allowed the program to
automatically calculate stress and strain baseslangationand load.

2. Themachine was calibrated/bnanually moving the top gripdgeto be 500
mm (19.68%) above the fixed bottorgrip edge The measurement was made
using digital calipersThislocationof the top gripvas set sathe zero point and
used for all the trials.

3. Thepart to be tested walsenplaced between the wedge gridgedge grips are
common in tensile testing machines, because they tighten as they are pulled
upwards. This helps mitigate the risk of the parts slipping out of theTdre.

edgss of the grips were aligned with the marks on the sanipldglp center
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the sample between the two grips. The wedge grips were therightehed

until locked in place.

. Theforce readings were zeroed to cancel out any stresses created in the machine
during part setting Thisensuré an equal starting point across all the trials.

. The test wasun. The top arm of the machine moved upward at a speed of 2
mm/min until the tespartfractured. The elongation and foraefracturewere
recorded in real time tbhugh Tinius Olsen software connected to the teftes.

test times ranged between 2 and 7 minutes based on the dimensions and other
parameters of the parts.

. The recorded data was then exported as a .CSV file for analysis in Microsoft
Excel.An example dia set is presented in Appendix Phe data output by the
testing software was the input palimensions, the strain, and the force.
Dividing the force by the crossectional area yielded the stress. The stress was
then plotted against the strain in orderstudy the behavior of the ultimate

tensile strength.
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Figure 19: Tinius Olsen H25KT tensile tester setup

4.2 Resultsand Discussion

In order to begin to understand how build parameters affect 3D printed parts, three

different variables were studied: raster orientation, thickness,clmdping force
orientatonThe density was heldi glohnbémaaniThepd $bEt.i
parts were all printed with a length of 4 inches, and the distance between wedge grips

was always 500 mrl19.68%). In each case, multiple trials were run. The output from

each test was a stress vs strain graph.

4.2.1 Effects ofRaster Angle Orientation

The first testookedat the effects of raster angle on tensile properties. Looking at the
simulations generated by CatalystEX, parts orientdd®atrom the build plate X axis

had alternating layers o @nd90°. Parts oriented &0° from the X axis hd raster
angles alternating betwed®° and-45°. These two orientations are the limits of the

range of raster angles that can be prinfdek first test compared how identical parts
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behaved under tension when printed with thiege different orientationsTable 3

shows the part parameters used for this test.

Table3: Parameters of test parts used to determine the effects of raster orientation on part properties

Part Width Thickness | Raster UTS 1 UTS 2 UTS 3
Name (in) (in) Angle (MPa) (MPa) (MPa)
OR45° | 0.375 0.25 45-45° 20.52 20.85 20.79
OR90° | 0.375 0.25 0/90° 19.80 20.27 20.06

Findings showed that the parts with th&-45° raster angle had a higher ultimate
tensile strength than those with th@@/raster angle. Thé%-45° parts also showed a
6% higher elongation before breaking than th@0bp ar t s . However,
moduli were similar for both part&igure 20 shows the plots from only one trial at

each raster orientatioffhe plots between trials were similar, so one was selected for

illustration purposes.

Stress vs Strain for OR45 and OR90
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Figure 20: Stress vs strain plot for parts with different raster orientations

The singlefactor analysis of varianceANOVA) results indicate that there is a

statistically significant differencat U irUTG beba®en the parts witlifferent
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raster angle orienti@ans. The full ANOVA analysis for this tess included inFigure

21to provide clarity.

One-way ANOVA: UTS versus Raster Angle Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Method Angle 1 ©.6829 0.68295 15.77 0.017
Error 4 0.1732 0.04330
Null hypothesis All means are equal Total 5 0.8561
Alternative hypothesis At least one mean is different
Significance level o = 9.5 Model Summary
S R-sq R-sq(adj) R-sq(pred)
Equal variances were assumed for the analysis. 0.208081 79.77% 74.71% 54.48%
Factor Information Means
Factor Levels Values Angle N Mean StDev 95% CI
Angle 2 45, 99 45 3 20.720 ©.177 (20.387, 21.054)
90 3 20.046 ©.235 (19.712, 20.379)
Pooled StDev = 0.208081

Figure 21: ANOVA analysis for theffects of raster anglen UTS

These results can be explained by looking atehsileforces that would be exerted on
each layer. In thd5/-45° layers, every layer will be carrying the same load. However,

in the layers with alternating®@nd 90° rasterangles, the layers with tH¥° raster
angles will be carrying the vast majority of the load. Because of the gaps between the
infill roads, the layers withQaster angles will only be carrying load through the shells.
This means that only about halftbk layers in the part are carrying the majority of the
load. Thus, the O0° parts fail before thd5-45° parts.These results are consistent

with those found by other researchg8) (19).

4.2 2 Effectsof Varying Thickness

The secondeststudiedthe effects of varying thicknesses on 3D printed tersile
properties The thicknessvas varied according tbable4. The raster angle was held

constant a#l5/-45° because the previous test had shown that this was the strongest
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raster orientation. Two trials at each thickness were Tine. test procedure wa

identical to that used for the previous test.

Table4: Parameters of test parts used to determine the effects of thickness on part properties

Part Width Thickness Raster UTS 1 UTS 2
Name (in) (in) Angle (MPa) (MPa)
T15 0.375 0.15 45-45° 20.81 21.00
T35 0.375 0.35 45-45° 18.65 18.70
T50 0.375 0.50 45-45° 17.85 17.80
T65 0.375 0.65 45/-45° 17.54 17.25
T75 0.375 0.75 45-45° 17.24 17.59
T100 0.375 1.00 45-45° 16.89 16.96
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The results showed that as thicknassreased, the modulus and maximum tensile
strength decreaseBigure22). While helpful in understanding properties of 3D printed
parts, this behavior can be seen in other matesimhsell. As a part becomes larger,
there is a statistically higher probability that there will be some voids or cracks which

will lead to a fracturing under less pressdreis is true for solid materials as well.

Stress vs Strain at Varying Thicknesses
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Figure 22: Tensile test results from parts with varying thicknesses

The singlefactor analysis of variance (ANOVA) results indicate that there is a
statistically signi f-vawe=n0to00din UTS detweenadhe a't

parts with different thicknessebhe full ANOVA results can be found in Appendix

An interesting behavior wasoticed in the region between 1 ani1Ba in stress. The
plot rises steadily for a bit, but then plateaus, as can be ségyune23. After a few

tenths of a millimeter, the plot begins to rise again, following the same slope as before,
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but shifted slightly. This behavior is visible in all parts with thickness greater or equal

to 0.5 but in none of the thinner parts.

Stress (MPa)
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Stress vs Strain at Varying Thicknesses

/ e e
f’ § -""
/ - / - .-""-- - -°
/ R ___-= 0.15
Gt — .. 035
e -
// ':',.’_ ...................... _ -~ ____. 0.50
. ’f';.' -t . - -
é,._va’"___ _______ - - - =065
P
//f#/ T ieeaas 0.75
P
f— — - =1.00
0 0.001 0.002 0.003 0.004 0.005 0.006

Strain (m/m)

Figure 23: Detail of plot region showing stress plateauing in parts greater than or equal to 0.5 inches

One possible explanation for this behavior is the orientation aflémeping forceon

the tensile tester. The 0d&nd 0.3%thick parts were too thin to be tightened into the

grips without rotationFigure24 illustrates this issue.

-l —-—t—

Figure 24: Thin parts clamped in the wedge grips tended to twist as the grigstightened
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4.2.3 Effects of Clamping Orientation

In order to testvhether theclamping forceorientation caused the plateauing behavior
in the stress vs strain pJ@nother set ofgrts wagrinted and tested. These parts had
square cross sections with side lengths of 0.25 and 0.5 inches, resp€ctddb).

The sare part was tested with tlilamping force orthe sides of the part and then

the topand bottonof the part(Figure25). Two trials at each grip orientation were run.
The square cross sectiagigninatedthe chance that the aspect ratio with respect to the

clamping force played a significant role in the tenbehavior.

Table5: Parameters of test parts used to determine the effects ofidigiigpceorientation on part

properties
Part Width Thickness Raster UTS 1 UTS 2
Name (in) (in) Angle (MPa) (MPa)
C25T 0.25 0.25 45-45° 22.11 21.97
C25S 0.25 0.25 45-45° 22.24 22.32
C50-T 0.50 0.50 45-45° 18.09 18.15
C50-S 0.50 0.50 45-45° 18.30 18.46

Side Clamping

Top Clamping

Figure 25: Orientations of parts in the wedge grips with clamping on the sides (left) and on the top
andbottom (right)

The results of this test were surprising. Neither of the tests showed the plateauing
behavior seen in the thickness test. While there was no plateauing behavior, there was
a slight difference between the results from the two clanfpireg orientations. While

small, the results from multiple trials showed the same differences, indicating that even

the direction of the clamping force could affect the tensile propeRigare26).
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Stress vs Strain for Different Clamping
Orientations
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Figure 26: Stress vs strain plot for clanmy force orientéion test

Observing the test part fracture locations showed that the parts with larger cross
sections failed closer to the edge of the grips than the parts with smallesectsss.

This could be due to the added stresses from the grips in the larger parts. The smaller
parts broke almost exactly in the middle. This is showRigure27 where the black

lines show where the edges of the grips were.

Figure 27: Grip test parts showing fracture planes closer to grip edges in lpigges (left) and more
centralin smaller pieces (right)

A two-factor ANOVA (crosssectional area andamping forceorientation) results

indicate that there is a statistically
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the parts with different crossectional areas {palue = 0.000) and@lamping force

orientations (pvalue = 0.06). It appears that the relative size of the effects is different.

4.3Summary oFindings

The results of the pilot tests are as follows:

1 Raster orientation test: There is a statistically significant difference in the UTS
between parts with rasteosiented at alternating @0° and45/-45°. The45/-
45° raster orientation showed superior strength.

1 Thickness test: There is a statistically significant difference in the UTS between
parts with different thicknesses. Thicker parts had lower UTS valuely, tike
to the increased likelihood of craakd voidformation.

1 Clamping force orientatiotest: There is a statistically significant difference in
the UTS between parts with different cregstional areas aralamping force
orientations. The larger gar(higher thickness) had a lower UTS value than the

smaller parts.

The first two results agree with the literature from Chapter 2, and strengthened the
belief that the orientation and thickness play important roles in the determination of 3D
printed parttensile strengthThe results from thelamping force orientan test
indicate the limitations of applying standard test procedures designed for ga8firs
printed partsThese results motivated a more formal exploration of these and other

parameters.

a7



ChaptkRactbar i al Experi ment on Key

Thesignificanteffects of the parameters of orientation and thicknagdTShave been
confirmed. The tegbartsup to this point have had a constant density. However, the
role thatthedensity(determined by the infill roadgjayed in these results is unknown.
From literature and personal practice, it is expected thanfilegeometrywill play a
significant rolein the tensile propertiesf a part This chapter explores the effects of

part width, part thickness, infill densitgnd their interactions on UTS.

5.1 Methodology

5.11 TestPart Dimensions

In order to maintain consistency with the pilot tests, the same rectangular bar shape was
used forthese testsA limiting factor was the maximum width of the tensile tester

wedge grips. This limited the part thickness ta0.5

5.12 Design of Experiment

In order to study the effects of parameters and their interactions on tensile properties,
it is necessary to use several factors in the stlithg. factorial design allows the
analysis of the effects ohultiple single parameters and their interactions aious

levels for each factor. Factorial designs are capable of estimating these effects as
precisely as a standard test of variance (such as ANOVA), using fewer observations.
Three factors were to be chosen, bec#ugewas the number necessary to exptbe

effects of the three types of road geometries common to all 3D printed parts.

48



Since the exact interaction between parameters is unknown, it was important to have
more than two levels for each parametavo levels would only be able to show linear
effects of the factors. Howeverahing three levels would yield a better understanding

of any nonlinear relationships between the parameters.

5.13 Factor Selection

After deciding on a factorial design, it was necessary to select which parameters would
be used as main factorshe effects of the shells on the tensile properties could be
studied by modifying the ratio of shells to part infill. This could be accomplished by
varying the width of the part. In a similar way, studying the effects of the slafzrs

could be accomplished by varying the part height. In both these cases, changing the
infill density would also alter the relative ratibetweenshells, surface layers, and

infill. T he final parameters selectasl main factors were the part width, thickness, and

infill density.

5.1.4 Factor Level Selection

There were some constraints in choosing the factor levels for this test. The first
constraint was with the infill density. In CatalystEX, there are onlyetpassibilities

for infill density: Solid, Sparsé High Density, and SpargeLow Density.

Another constraint was the width of the tensile tester wedge grips. In order to avoid
changing the clamping direction for some tests, either the width or the¢skkould
not be more than 0.6239n order to explore the plateauing region seen in the

thickness tests, the thickrsewas desired to go beyond the thickness in the previous
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experiment, which was more than 0.6Z5ecause of this, the width would need®

limited to below0.625%x i n

any valuesithin the constraintat was decided to choose values of even increments

order

for the parts. This was done to make trends in the results more apparemalhe f

factor levels are presentedTiable6. The parts were named according to their

.tStincefthie dimensionstcduld hager i p s

dimensions, with the first number representing the width, and the second representing

80

the thickness. For example, part F37.08is®.87 wi de, and 0.
Table6: Parameter levels used for factorial design
Factor Level 1 Level 2 Level 3
Width (in) 0.25 0.375 0.50
Thickness (in) 04 0.8 1.2
Infill Density | Sparsd Low Infill | Sparsé High Infill Solid

5.2 Results and Discussion

5.2 1 Visual Results

The fracture behavior is one of these easily observable rdsglise28 displays sme

F37.08 parts with varying infillbefore andafter fracture. The fracture surfaces are

similar in that they are relatively perpendicular to the applied tensile fooodking

more closely at the sparstow density parts, théd5° infill roads are clearly visible.
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Figure 28: F37.08 test parts before and after testing. Different infills are apparent at the fracture
surfaces

The second visual observation is the location of the fracture along the length of the
sample.Figure 29 shows the difference between fracture locations 0.2 and
F25.04parts The black marks on the saias show the locations of the gaggesThe
thicker piecesended to fracture closer to thep edge.This behavior was also noticed

in the grip tes

Figure 29: The fracture of larger parts such as F50.12 (left) is much closer to the grip location than
smaller parts such as F25.04 (right). The black lines show approximate locationgyoipteege

Fracture along thgrip edge is not unecamon in rectangular test stripghe grip
introduces additional stresses in a direction perpendicular to the force, adding to the
total stress applied on that region. The thicker parts may be more susceptible to this

effect, because theyakie a larger area where tpgp is exerting force.
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White striations can be observed forming as the parts are being pulledFagare (

30). These striations were also observed in the pilot test Jdmscolor change can be
observed in many plastics at points where the part is bent beyond its elastic region. At
this point, thecolor changes to a lighter or white color. This is clearly seen in the
LEGOQOP brick in Figure31. LEGCP is traditionally made with a type of AB@ke the

test parts)and it can be seen that after bending the part in the middle, the black brick

turns white.

Figure 30: Test part F37.08 before and after testing, showing the development of white striations
along the length ahe part

Figure 31: LEGO® brick showing color change when bent

Upon closer inspection of the test pawith striations it can be seen that these stripes
line up with the locations where the internal roads connect with this ghgure32).
The striation pattern has two main features: the striation height and the striation gap.

The striation height is how much white area there is at each striation location. The
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striation gap is the distance between striation locatligsre33 shows that parts with

a sparser infill have a larger striation height and a wider striation gap.

Figure 32 Lines following thel5° raster orientation are drawn on the surface of the part and
compared to the locations of the striatidrhe numbers indicate the same line seen from opposite sides

— Str?ation

| Height
—_— Striation
Gap

Solid Infill Sparse-High Infill Sparse-Low Infill z Q—I

Figure 33: Differences in striation for parts with differentmigty infill. Denser infill shows striations
with a smaller striation height and smaller striation gap.

Inferred fromthis striation appearande that as the parts are being pulled apart, the
internal roads are being pulled inwards and upwaragsing tle shells to display a
necking behavior This creates horizontal tension on the shells, which reach the
maximum of their elastic deformation and create white lines at the points where they

are fused with the infill road$-{gure34).
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Figure 34: Sketch showing possible reason for development of striations. The infill roads pull the
shells beyond their plastic deformation limit, causingrtfaerial to turn white

A 45-45° rasterallows the roadso rotate slightly in an attempt to align themselves
with the force direction. This rotation pulls on the points where the infill roads meet
the shells, causing that point of the shell to be puie@rds The parts with alternating

0° and90° raster orientations do not show this effect asypnently, because there is

no rotation of the infill roads. The roads oriente®@t are already oriented along the
force direction, while the roads orientedda mostly experience shear forces from the

layers above and below, but little direct force.

In order to test these assumptionsinaplified model of a layer was made and analyzed
using FEA analysis in SolidWorks 202015. This model was intended to
approximate the behavior af single layer within the parin order to give the layer

some strength, it was made thicker than a typical ldtydoes not show effects of the
interactions between layers which occur in a printed phad.resultseen inFigure35

show that points of stress are highest on the side shells when the infill roads are oriented

at 45° With roads oriented at°’Qthere are natress concentration points along the
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shell. With the90° oriented infill roads, stress concentration points developed along

the shells, but not nearly as much as in the partsd&itioriented infill roads.

K kK 1

Figure 35: FEA analysis of different infill raster orientations show the stress concentration points
along the shells

It can further be observed Figure 36 that the fracture surfaces occur at the points
where these striations are present. This implies that there is a higher stress
concentration at the locations where striations occur. Agairsuhigestshat the infill

roads are exerting transverse forces on the interior of the part.

Figure 36: Fractured test part seen from both sides of fracture. White marks highlight the striation
locations. The fracture surface lines uptwit striation
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5.2.2NumericalResults

Table7 shows the meanltimate tensile strengths for each part in the factorial design.

The UTS specifiedpthe material data sheet was 33 MB%).

After running the tests, thresults were plotted.draid in understanding the differences
between the parameters, the plots were organized into a grid. Going from right to left
on the grid showed increasing width, while going from bottom to top showezhgiog
thickness. Eachulplot showed the results from the combination of width and thickness
correspondingo its plot location. Within eachsulplot, the results at the different

densities were plottedrigure37). The full set of plots is given iAppendix B

0.4" Thickness 1.2" Thickness

Stress vs Strain for F25.04 at Different Densities Stress vs Strain for F25.12 at Different Densities

=
=]
T
= Solid
Q — —High
°c AP e=e=-tow S b e Low

0 0.05 01 015 0 005 01 015

Strain (m/m) Strain (m/m)

Stress vs Strain for F50.04 at Different Densities Stress vs Strain for F50.12 at Different Densities
< ©
z £
E g Solid
no 3 — —High
o

Strain (m/m) Strain (m/m)

Figure 37: Plots showing factorial test data in grid format with increasing width in the rows, and
increasing thickness in the colummensity is shown within each subplot

56



The most obvious effect that can be seen is that full density lparesthe highest
tensile strengthFurthermore, regardless of the width and thickness, thefolTiall
density parts is almost constaiithis is likely due to the fact that there is aazer
negative air gap between roads in the solid parts. [&blsof an air gagauses the
individual roadsto overlap as they are being deposited, melting onto each other. With
theroadsmelted together, any forces are shared between the jmadd makng the

part strongetWhen theroadsare more strongly bonded together, ltheed is uniformly
distributed. Therefore, the differengecross sectioal area does have an impact on

UTS.

Another interesting behavior can be seen across thé&Wwidt row. The difference
between theparsehigh andsparsdow density parts is almost indistinguishablée
wider partsshowa significantifference between treparsehigh and sparskw infill .

This unchanging behavior across different densities ankinéssesnust be explained

by someunchangingpart characteristiacross thalifferent parts. Tie behavior of the
shellscould be thisinchanging factor. At a constant width, the shells and infill in each
layer are constant. Increasing the thickness only increéasesumber of layershis
data seems to suggest tasmallwidthsthe shells are carrying almost the entire load

of a sparsely filled part.

As the width increases, there is an increase in the difference between the UTS of the
parts withsparsehigh and sparsdow density infills. This result is to be expected
assuming thathe shells are carrying the majority of the load in the @@8e part. By

increasing the width, the ratio between the infill and the shells increases. At some point,
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this will lead to thetransfer of the load from the shells to the infillhen that happens,

having more or less infill will change the UTS of the part.

5.2.3 StatisticalAnalysis

In order toconduct a more formal analysis of the daitfull factorial design study was
created and analyzed Minitab 17 statistical software. Three independent variables
were used: thickness, width, and infill densityTS was the depeatent variable.
Running a fullfactorial analysis with three levels and threetébrs allowed for the
determination of theffects each parameter has on UT&ble7 on the following page
shows thdactorsand the UTS outpuT.heinteraction effects between parameters were

also analyzed.
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Table7: Factorial Trial test parts with UTS means and standard deviation

Part Namg Width (in.) Thickness (in.)Infill (%) UTS 1 (MPaUTS 2 (MPaMean UTS (MPajptd. Dev
F25.04-L 0.25 0.4 0.25 20.240 20.254 20.247 0.010
F25.04-H 0.25 0.4 0.75 20.060 19.259 19.659 0.567
F25.04-S| 0.25 0.4 1 26.595 26.299 26.447 0.209
F25.08-L 0.25 0.8 0.25 19.414 19.724 19.569 0.219
F25.08-H 0.25 0.8 0.75 18.771 19.654 19.212 0.625
F25.08-S| 0.25 0.8 1 27.520 27.063 27.292 0.323
F25.12-L 0.25 1.2 0.25 19.256 19.577 19.416 0.227
F25.12-H 0.25 1.2 0.75 19.375 19.168 19.272 0.146
F25.12-S| 0.25 1.2 1 28.551 27.197 27.874 0.957
F37.04-L| 0.375 0.4 0.25 14.570 14.518 14.544 0.037
F37.04-H| 0.375 0.4 0.75 18.204 18.169 18.187 0.025
F37.04-S| 0.375 0.4 1 26.856 26.464 26.660 0.278
F37.08-L| 0.375 0.8 0.25 13.464 13.366 13.415 0.069
F37.08-H| 0.375 0.8 0.75 17.577 17.474 17.525 0.073
F37.08-S| 0.375 0.8 1 27.130 27.838 27.484 0.501
F37.12-L| 0.375 12 0.25 12.955 12.600 12.777 0.251
F37.12-H| 0.375 1.2 0.75 16.971 17.377 17.174 0.287
F37.12-S| 0.375 1.2 1 27.001 27.201 27.101 0.141
F50.04-L 0.5 0.4 0.25 12.936 12.652 12.794 0.201
F50.04-H 0.5 0.4 0.75 17.779 18.143 17.961 0.258
F50.04-S 0.5 0.4 1 26.908 27.040 26.974 0.093
F50.08-L 0.5 0.8 0.25 10.637 10.788 10.712 0.107
F50.08-H 0.5 0.8 0.75 16.814 16.969 16.891 0.110
F50.08-S 0.5 0.8 1 27.702 28.055 27.879 0.249
F50.12-L 0.5 12 0.25 9.920 9.876 9.898 0.031
F50.12-H 0.5 1.2 0.75 16.665 16.539 16.602 0.090
F50.12-S 0.5 1.2 1 27.993 28.536 28.264 0.384

Before proceeding with the analysis, it was necessary to confirm that the assumptions
for a factorial analsis were met. This requirgaiotting the normal probability plot and

the versus fitplot. The probability plot showa normality of standardized residuals

due to the generally linear trend of the data poifti® general symmetry of the data
pointsin the versus fits ploindicatesa homogeneity of variancds. Therefore, the

assumptions were satisfied.
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Figure 38: Plots usedto test assumptiorfer factorial ANOVA

After the assumptions wekerified, an analysis of variatiaon the three main factors
and their interactions was completed (excluding the timaginteraction) to determine
which factors had a statistically significant impact on the UHi§ure 39 shows the

analysis of variance for the full factorial analysis

60



Enalysis of Variance
Source DF Edj 55 Bdj M5 F-Value P-Value
Model 18 1791.70 99.539 B32.72 0.00a0
Linear & 1639.20 273.200 2285.53 0.00a0
Width 2 117.84 g2.930 493.00 0.00a0
Thickness 2 3.02 1.508 12.82 0.00a0
Infill 2 1518.32 759.162 &350.98 0.00a0
2-Way Interactions 12 152.50 12.708 106.31 0.00a
Width*Thickness 4 2.09 0.524 4,38 0.00&
Width*Infill 4 136.1%9 34.048 284.584 0.00a0
Thickness*Infill 4 14.21 3.552 29.72 0.00a0
Error 35 4.138 0.120

Figure 39: ANOVAresults for factorial analysis showing main factors and interactions

The ANOVA results showed that all three main factwsdth, thickness, and infill
density, as well as the interactions between them, wetesttally significant. This

was an expected result.

Themain effects plot ishown inFigure40. The results agree with thésual analysis

made based on looking at teabplots inFigure 37. The width plot suggesta non

linear relationship with the UTS mean. This cuslepes downwards, indicating an
inverse relationship between UTS and width. The slope also appears to decrease as the
width increases. While it is difficult to say for certain with only three data points, it
makes sense thttere will be a point where tivedth will stop having an effect on the
UTS.Regardless of the layer shape, there will always be a set number of shells in each
layer.As the width increases, the infilensitywill increase and he ratio of sklls to

infill will decreaseThe shells wi carry less of the load as the infill begins to carry
more. Just as the load is carried primarily by shells in the narrow parts, it will be carried
primarily by the infilllayersin wide partsThis interpretation of the results is consistent

with the poposed explanation for striation behavior.
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The thickness displays a more linear profile than the other main factors. It also has a
shallow slope, indicating that the effeflties not have as large an effect on UTS as the

other factors. This is reinforced Figure37 as well.

The infill density shows the highest slopedicating the largest effect sizejth a
markedincrease as the density approaches 100%. This makes sense, because the added
strength fromfully dense parts is due to the overlapping of roads. Oncaittigap

distance increases to a point where the roads do not overlap, the effect of the density

will decrease rapidly.

Main Effects Plot for UTS
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Figure 40: Minitab output showing the fitted meanstgfor the main effectsf UTS
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Figure 41 shows the interaction plotdlone of the interaction plots show perfectly
parallel lines. Thismpliessome level of interaction between all of the variablés
width andinfill interaction has thegreatest effect siz&'his makes senséue to the

changingnfill to shell ratio.

Interaction Plot for UTS
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Figure 41: Interaction effects plot

Upon closeinspectiorof Figure4l, it can be noted that the difference in UTS between
the sparsdiigh and sparskw density parts is increasing as thickness is increasing.

However, it is a smaller change than that seen let\ee increasing widths.

After analyzing these resultpart density was investigated more closely. The part
density was determined by dividing the total weight of the part with the total volume.

Table8 shows the part densitidor all the parts used in the factorial experiment.
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Table8: Part densities for parts used in factorial experiment

Density (g/cm”3)
Part Name F50.12 F50.08 F50.04| F37.12 F37.08 F37.04| F25.12 F25.08 F25.04
Volume (cm”3) 39.329 26.2193 13.1097 29.4967 19.6645 9.83224 19.6645 13.1097 6.55483
Solid 0.98 0.98 0.98 0.98 0.97  0.98 0.98 0.98 0.98

Sparse - High Infill  0.79 0.80 0.82 0.81 081" 0.83 0.84 0.85 0.87
Sparse - Low Infil|  0.43 0.46 0.52 0.51 053  0.57 0.66 0.67 0.70
Material Density 1.04|

An interestingrelationship is seen between parts that have the same infill density
settings. The parts with a fASolidd infildl
However, the part densities of parts with
with theLdBpRes®ityo D.43ftd0l70 g/chhdhegnateridlr o m
density given by Stratasys states that the material density of the ABS is 1.843§tm

Therefore, even the ASolido paats do not h

1]

The inconsistency in part density at the
is not the same as infill density. Part density includes the voaAmdeweightof the

shells and surface layerBhe actual density of just the part skeihd surface layers

will be close to the material density, because the spacing between the roads will be very
close, with minimal gap®r even overlap With changing size, the part density

changes, even if the infill density remains constant.

An attempt wa made at determining the infill density based on the understanding of
the road geometry. The shells and surfagers were modeled as solid blocks due to

the zero air gap present between the r@bdgire42). This is not a perfect estimation,
because of the rounded shape of the roads, which create very small gaps at the corners

of the roadgFigure43).
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Figure 43: Image taken through microscopiilowing miniscule gaps between layers due to the
rounded shape dlie roads

The volumeof each of these rectangular shapes calculatedand summedh order

to give an estimate of thmtal volume occupied by shells and surface layé@ise

volumewas muliplied by the highestdensiffyound i n t h@98@/e&d, i do par
because that is the maximum achievable density with a zero air gap. This gave the

weight of the shells and surface layers, which was then subtracted from the total weight,

giving the irfill weight. Dividing the infill weight by the infill volume gave the infill

density. This density was converted to a percentage, and the results from the analysis

were compared ifable9.
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Table9: Mean and standard deviation between calculated infill percentages for the three infill settings

Infill Sparse - Low Infill Sparse - High Infill Solid
Low 52.9% 62.0% 66.1%
High 62.0% 79.1% 83.1%
Mean 57.8% 71.2% 75.7%
Std. Dev. 2.8% 5.5% 5.4%

These infill percentage calculatioshow a difference beten thenfill densities at

different settings However, the large standard deviation points to errors in the
assumptions. In reality, the infill density should be identical, or at least negligibly small
between parts. The density should not be changing as the part becomes larger, because
the spacingetween infill roads should be consistdntaddition, the density of the

infill of solid parts should be close to the part density, because there should be no

difference between layers.

In order to understand how the pdensity affected the tensileqperties, the UTS was

plotted against the part density, as sedFfiguire44.
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Density vs. Mean UTS

30.000

e@

25.000

—~ 20.000

o0
~— 15.000 0.25" Width

0.375" Width
¢ 0.50" Width

MPa
[ )

UTS
)

10.000 | o ®
5.000

0.000
0.4 0.5 0.6 0.7 0.8 0.9 1

Density (g/cm”3)

Figure 44: UTS vs Density plot

There is a generally linear trend betweenpghtdensity and UTS. However, this linear
trend breaks down in parts with a 0d@&dth, where thé&JTS is shown to be the same
at densities of about 0.65 g/2mnd 0.85 g/cr It is also seen that a paténsity of

0.98 g/cm corresponds with an almost identitil'S, regardless of part size.

5.3 Analytical Verification

One difficulty in studying the properties of 3D printed parts is the lack of proper finite
element analysis (FEA) techniques and progrémas allow the simulation of parts
under load. This difficulty is due to the anisotropic propertieDopBnted parts. This

problem is also seen in other isotropic materials.

A rough, comparative analysis was domsing existing FEA methods that are
commonly taught to university studen®&locks with the same dimensions as the tested

parts were modeled in Creo Parametric 3.0 (Creo). Theibuiimulation software
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was used with the same constraints and forces found though the factorial experiment
The ottom edges were fixed, while the top edges had a vertical load applied to them,
in the same way that the bottom grip was stationary while the top grip pulled upwards

in the tensile testeFigure4s).

cs

.

Figure 45: CAD Model showing fixed displacement and applied loads on the edges where grips would
beon the tensile tester

Material properties were set as those given by the Stratasys mdétaathee{35),
with the exception of the density. The density was set as the part densityirfiound
Section 5.2This resulted in a different materrabdelfor each part. The applied force
for each part was also differerit corresponded with the maximum force applied
during thetensile testing of that particular part (Se@le7). The FEA simulation was
run, and the displacement bktpart was compared with the actual displaceeghit

forceobtained through the factorial experimeFhe results can be seenTisble10.
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Displacement v | Magnitude ¥ (WCS)

{mm)
Max Disp 6.2521E-03
Loadset:LoadSet1 : 50-12

0.00625
. 0.00563

0.00500
0.00438

0.00375
- 0.00313
0.00250
0.00188
0.00125
0.00063
0.00000

QA3 PSS

Figure 46: FEA simulation results for F50.1&

Table10: Comparison of displacement from FEA simulation and physical testing

Part |F25.04-SF25.04-HF25.04-1.F50.12-5F50.12-HF50.12-1

F F F F F F
1) (2) (©) (4) ) (6)
DisplacementyMeasured 2.369 4.385 1.728 7.200 9.292 7.861

(mm) FEA 0.822 0.611 0.629 0.011 0.006 0.004

Experimental vs Simulated Displacements

10.000
9.000 L
8.000 ®
7.000 °
6.000
5.000
4.000
3.000 @ FEA Simulation
2.000
1.000 s
0.000 'y ® P
4

® @ Experimental

Displacement (mm)

Figure 47: Plot showing the displacement seen experimentally and thieEghsimulation

It can be seen that the FEA simulation yielded very different results from the actual

displacement sean the experimentdA different analysis was run, modeling only the
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middle section between the grips. The bottom was fixed, and theatbphk force
applied. The maximum displacement was closer than with the previous simulation, but

still very far from the measured valuggire4s).

Displacement v | Magnitude v (wcCS)
(mm)
Max Disp 3.9337E-01
Loadset:LoadSet1: P5S0-120-H

0.39337
0.35403
0.31469
0.27536
0.23602
0.19668
0.15735
0.11801
0.07367
0.02934
0.00000

@_, ;

2|a/3@/»[ER:

Figure 48: FEA simulation results from modeling only the middle section between grips of #50.12

5.4 Summary of Findings

Returning to recent literaturQur es hi 6s L27 factori al desig
which factors have the greatest effect on part tensile properties. His ranking of the top

three factor effects were the component height, the number of shells, and the raster
angl e. 1@sults easkd ihédirsill density as the fMmost important factor that

he studied. Thishesisshows that infill density was the factor with the greatest effect

on UTS(Figure49).
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Rank Number Factor Delta
1 Component Scale (thickness) | 3.71

2 Number of Shells 2.90
3 Raster Angle 1.26
4 Buildplate Temperature 1.00
5 Speed While Extruding 0.88
6 Layer Thickness 0.87
7 Infill Shell Spacing 0.79
8 Peeling Temperature 0.62

9 Speed While Travelling 0.55
10 Print Location 0.51
11 Infill Density 0.50
12 Infill Pattern 0.44
13 Extruder Temperature 0.03
Total 14.06

Figure 49: Ranking based on the size of the effects of parameters on UTS studied by Qureshi.
Highlighted factors are those used in Fornasini factorial experiment

An explanati on

of t h componest size lwast signicamthe s hi 6 s

smaller than the smallest component size tested Reom the main effects plot and

trends seen in the subplotskfure 37, it canbe inferred that themall width of his

samples made it so that the shells carried the majority of theTlbadesults from this

factorial design showed that a changes in density of a sparse infill will make very little

difference in part properties.nd di t i on, t

were much lower than the ones used in this design.

he

r el

ati

vV e

densi

The results found in this design study and the pilot tests are also consistent. The fracture

behavior of larger parts at the grip edges was ctnsisvith those found in the

clamgng orientationtests.An overall lowering of UTS with an increase in cross

sectional area was seen in the two pilot tests as well &dioeial design results.

The density of the paplayeda major role in determingithe UTS of a part. However,

the part density is difficult to calculate from the infill density. The shape of the

deposited roads createmall voids between shells and layers, making the volume of
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the structure difficult to calculate. This difficulty modeling the part is sedn the
comparison between the FEA analysis and the experimental reSuks large
difference between the measured and simulated value shows that the solidasedel

on density estimates is not a good approximatiodBbprinted parts.

The results between both previous tests and the literata®nsistent. Differences
between the results obtained in this factorial design and those obtained in the literature
can be explained by the differences in part parameters between the tests, primarily the
differences in part dimensionk.is believed thathe trends seen in this research, if

continued, would align with the results shown in the literature.
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Chapt@and&l:usi ons and Future Work

Additive manufacturingincluding fused deposition modeling (FDNB,transforming
the built worldand enginering educatiorDeep understanding of FDM technology has

lagged behind its adoption home, work, and academic environments

This thesis describetitee main stages of exploration of the effects of build parameters
on tensile failure of 3D printed pari&he first stage focused on the differences between
how slicers generated road geometries in part lai@napter 3) The second stage
consisted othree separate tests studyig effects of varying orientation, thickness,
and clamping force orientation on printed pai@hapter 4) The final stage was
conducting &3 full factorial experimentletermining the effects dest partUTS from
width, thickness, and infill densitgnd their interaction@Chapter 5) The Dimension

1200es printer was used for the printing of all test parts.

6.1 Major Findings

6.1.1Slicer Differences

Investigation revealed stark differences between the road geomsh@iist infill, and
surface layers generated by CatalystEX, Cubify, and Makerbot Desktop Slicess.
differences were noted by looking at the layer road simulations generated by the slicers.
The same part built on these different printers will looksdume from the outside. The
differences are only apparent when examining the interior geometry through the

simulation.
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6.1.2 ResearchQuestion: Which 3D printer build parameters and their
interactions significantly impact the tensile behavior of the foaat?

A series of trials were run in order to obtain preliminary results on the behavior of 3D
printed parts under tensile load. The first consisted of varying the orientation of the
layers. The second studied the effects of varying part thicknesseshifthéested
whether the clamping force had an effect on tensile strength. Performing ANOVA
showed the statistical significance of the resultsthie final experiment, &3 full

factorial design of experiments was developed to test the effects of vid#nedss,

infill density, and their interactions on UTS. The factorial ANOVA analysis showed
that all the main factor and interaction effects were statistically significkhtat .0 . 05
The parts with a higher overall part density are shown to be strongeparhaensity

is increased by increasing the infill density or reducing the @essonal area.

It was shown that the infill density and the part density vary depending aeshgn
of the part. The road geometries responsible for these variations are difficult to model.
This makes it difficult to estimate part density prior to printing. The link between part

density and UTS makes this estimation important.

Simple FEA simulatios also proved to be inadequate for estimating properties based
on part densityNeithervaluesnortrends aligedbetween the simulated and measured
values.Better techniques are required in order to simulate 3D printed parts for FEA
analysis. The compleinteractions between the individual roads in layers must be
modeled.In order to create accurateodels, there must be a communication between

the slicers and thinite element simulation.
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Together, the formal experiments answesresearch question fdhe parameters of
raster orientation, width, thickness, and infill density. The failure behavior observations
discussed in Chapters 4 and 5 linked differences in part UTRetbamd infill road

geometries.

6.2 Contributions

Contributions from this thé&s are summarized below:

1 The printers used in this study were selected based on their prominent use in
academic institutionsTwo of the printers required proprietary software that
significantly limited build parameter options.

1 The test sample dimensiamsed in this study were larger than most dtads
for plastics tensile testingrhe standards used by others researchers severely
limited the size of test samples. The influence of the road geometry of shells
and the infill is most significant when theedhto infill ratio is high. The
influence is greatly reduced with the ratithis led to different results than
those found byQureshi This work showghat the standards for testing
traditionally made plastics are not adequate for testing 3D printecspanew
series of standards should be developed that takes into account the intended
dimensions of the final part.

1 This study focused on differences betwmanhparameters thatletermineroad
geometriesOther studies covered the effects of the road siépo process. A
full factorial design experiment was done iiovestigate the effects of

interactions between these parameters.
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6.3 Ramifications

Engineers, especially, must become more aware about how 3D printed parts behave.
At the most basic level, part will look solid, but is not. It has anisotropic properties
that would not be expected from a solid part. The part properties cannot be inferred
solely by the material properties and the shape of the part. The road orientations play a

critical role, afact of which engineers could easily be unaware.

Understanding how a slicer works is essential to the advancement of 3D printing into
enduse parts. While closed slicers make the prooepsnting parts easier, they hide

the variables of the process, and hinder the development of technical competence. So
learning outcomes from courses on AM should include these tdphesincrease in
adoption of opefsource printers gives the opportynio control build processes, but
requires an understanding of how process variable affect parts. This is a natural trade

off in the use of FDMmanufacturing

6.4 Future Work

The logical next steps in this research include the following:
1 Expanding the range of part property values studied in the factorial
experiment. This necessitates the acquisition of new tensile testing equipment.
1 Investigating additional factors through CatalystEX, or other slicers (e.g.,
raster orientations not offsby 90, different infill patterns, layeréight, and

road widtl).
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1 Performing tensile tests on prototype parts built for ME department student
design projects.
The rapid advances of AM technology will continue to generate technical research

guestions fogears to come.
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Appendix A: Full Data Set for OR45 Trial 1

Strain
(m/m)

0

0

0
0.00002
0.00006
0.00008
0.00012
0.00016
0.0002
0.00024
0.00028
0.00032
0.00038
0.00042
0.00046
0.0005
0.00054
0.00058
0.00062
0.00066
0.0007
0.00074
0.0008
0.00084
0.00088
0.00092
0.00096
0.001
0.00104
0.00108
0.00112
0.00116
0.00122
0.00126
0.0013

Force
(N)

0
0
0
0.8333
2.5
4.167

7.5
10.833
13.333
15.833
19.167

21.67
24.17
26.67
29.17
31.67
34.17
36.67
39.17
41.67
44.17
46.67
49.17
50.83
53.33
55.83
58.33
60
62.5
65
67.5
70
71.67
74.17

Strain

(m/m)
0.00134
0.00138
0.00142
0.00146
0.0015
0.00154
0.00158
0.00164
0.00168
0.00172
0.00176
0.0018
0.00184
0.00188
0.00192
0.00196
0.002
0.00204
0.00208
0.00212
0.00216
0.00222
0.00226
0.0023
0.00234
0.00238
0.00242
0.00246
0.0025
0.00254
0.00258
0.00262
0.00266
0.0027
0.00276

Force
(N)

76.67
79.17
80.83
83.33
85.83
87.5
90
91.67
94.17
96.67
98.33
100.83
102.5
105
106.67
109.17
110.83
113.33
115.83
1175
119.17
121.67
124.17
125.83
127.5
130
131.67
134.17
135.83
138.33
140
141.67
143.33
145.83
147.5
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Strain

(m/m)
0.0028
0.00284
0.00288
0.00292
0.00296
0.003
0.00304
0.00308
0.00312
0.00318
0.00322
0.00326
0.0033
0.00334
0.00338
0.00342
0.00346
0.0035
0.00354
0.00358
0.00362
0.00366
0.00372
0.00376
0.0038
0.00384
0.00388
0.00392
0.00396
0.004
0.00404
0.00408
0.00414
0.00416
0.0042

Force
(N)

149.17
151.67
153.33
155
156.67
159.17
160.83
162.5
164.17
165.83
167.5
169.17
171.67
173.33
175
176.67
178.33
180
181.67
183.33
185
187.5
189.17
190.83
193.33
195
196.67
198.33
200.8
202.5
204.2
206.7
208.3
210
211.7



Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)

0.00424  214.2 0.00596  288.3 0.00766  357.5
0.0043  215.8 0.006 290 0.0077  359.2
0.00434 2175 0.00604  291.7 0.00776  360.8
0.00438  219.2 0.00608  293.3 0.0078  362.5
0.00442  220.8 0.00612 295 0.00784  364.2
0.00446  223.3 0.00616  296.7 0.00788  365.8
0.0045 225 0.00622  298.3 0.00792  367.5
0.00454  226.7 0.00626 300 0.00796  369.2
0.00458  228.3 0.0063  301.7 0.008 370.8
0.00462  230.8 0.00634  3083.3 0.00804 3725
0.00466  232.5 0.00638 305 0.00808 374.2
0.00472  234.2 0.00642  307.5 0.00812  375.8
0.00476  235.8 0.00646  309.2 0.00818 377.5
0.0048  237.5 0.0065  310.8 0.00822  379.2
0.00484 240 0.00654 3125 0.00826  380.8
0.00488  241.7 0.00658  314.2 0.0083  381.7
0.00492  243.3 0.00664  315.8 0.00834  383.3
0.00496 245 0.00668  317.5 0.00838 385
0.005 246.7 0.0067  319.2 0.00842  386.7
0.00504  249.2 0.00674  320.8 0.00846  388.3
0.00508 250 0.0068 3225 0.0085 390
0.00512  252.5 0.00684  324.2 0.00854  391.7
0.00516  254.2 0.00688  325.8 0.00858  393.3
0.0052  255.8 0.00692  327.5 0.00862 395
0.00526  257.5 0.00696  329.2 0.00866  396.7
0.0053 260 0.007 330.8 0.00872  398.3
0.00534  261.7 0.00704 3325 0.00876  399.2
0.00538  263.3 0.00708  334.2 0.0088  401.7
0.00542 265 0.00712  335.8 0.00884  402.5
0.00546  266.7 0.00716  337.5 0.00888  404.2
0.0055  268.3 0.00722  339.2 0.00892  405.8
0.00554 270 0.00726  340.8 0.00896  407.5
0.00558  271.7 0.0073 3425 0.009 409.2
0.00562  274.2 0.00734  344.2 0.00904 410.8
0.00568  275.8 0.00738  345.8 0.00908 412.5
0.00572 2775 0.00742  347.5 0.00914 414.2
0.00576  279.2 0.00746  349.2 0.00918 415.8
0.0058  280.8 0.0075  350.8 0.00922  416.7
0.00584 2825 0.00754 3525 0.00924  419.2
0.00588  284.2 0.00758  354.2 0.0093 420
0.00592  285.8 0.00762  355.8 0.00934  421.7
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)
0.00938  423.3 0.01108  485.8 0.0128 545
0.00942 425 0.01112  487.5 0.01284  546.7
0.00946  426.7 0.01116  489.2 0.01288  547.5

0.0095  428.3 0.01122  490.8 0.01292  549.2
0.00954 430 0.01126  491.7 0.01296  550.8
0.00958  431.7 0.0113  493.3 0.013 551.7
0.00962 4325 0.01134 495 0.01304  553.3
0.00966  434.2 0.01138  496.7 0.01308 555
0.00972  435.8 0.01142  498.3 0.01312  556.7
0.00976  437.5 0.01146  499.2 0.01318  557.5

0.0098  439.2 0.0115  500.8 0.01322  559.2
0.00984  440.8 0.01154  502.5 0.01326 560
0.00988  442.5 0.01158 503.3 0.0133  561.7
0.00992  443.3 0.01162 505 0.01334  563.3
0.00996  445.8 0.01166  506.7 0.01338 565

0.01 446.7 0.0117  508.3 0.01342  565.8
0.01004  448.3 0.01174  509.2 0.01346  567.5
0.01008 450 0.0118 510.8 0.0135  568.3
0.01012  451.7 0.01184 5125 0.01354 570
0.01016  452.5 0.01188  513.3 0.01358  571.7

0.0102  454.2 0.01192 515 0.01362 572.5
0.01026  455.8 0.01196  516.7 0.01366  574.2

0.0103  457.5 0.012 518.3 0.0137 575
0.01034  459.2 0.01204 520 0.01376  576.7
0.01038  460.8 0.01208 520.8 0.0138 578.3
0.01042  461.7 0.01212  522.5 0.01384  579.2
0.01046  463.3 0.01216  524.2 0.01388  580.8

0.0105 465 0.01222 525 0.01392  581.7
0.01054  466.7 0.01226  526.7 0.01396  583.3
0.01058  468.3 0.0123  528.3 0.014 584.2
0.01062 470 0.01234 530 0.01404  585.8
0.01068  470.8 0.01238  530.8 0.01408  587.5
0.01072  472.5 0.01242 5325 0.01412  588.3
0.01076  474.2 0.01246  534.2 0.01418 590

0.0108 475.8 0.0125 535 0.01422  590.8
0.01084 4775 0.01254  536.7 0.01426  592.5
0.01088 478.3 0.01258  538.3 0.0143  593.3
0.01092 480 0.01262 540 0.01434 595
0.01096  481.7 0.01266  540.8 0.01438  595.8

0.011 483.3 0.0127 5425 0.01442  596.7
0.01104 485 0.01276  543.3 0.01446  598.3
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)

0.0145 600 0.0162 648.3 0.01792  696.7
0.01454  600.8 0.01626  649.2 0.01796  697.5
0.01458  602.5 0.0163 650.8 0.018 698.3
0.01462  603.3 0.01634  651.7 0.01804 700
0.01468 604.2 0.01638  653.3 0.01808  700.8
0.01472  605.8 0.01642  654.2 0.01812  701.7
0.01476  607.5 0.01646 655 0.01816  703.3
0.0148 608.3 0.0165  656.7 0.01822  704.2
0.01484 610 0.01654  657.5 0.01826 705
0.01488 610.8 0.01658  659.2 0.0183  706.7
0.01492  611.7 0.01662 660 0.01834  707.5
0.01496  613.3 0.01668  661.7 0.01838  709.2
0.015 614.2 0.0167 662.5 0.01842 710
0.01504 615.8 0.01674  663.3 0.01846  710.8
0.01508 616.7 0.0168 665 0.0185 7125
0.01512 618.3 0.01684  665.8 0.01854  713.3
0.01516  619.2 0.01688  666.7 0.01858 714.2
0.0152 620 0.01692  668.3 0.01864  715.8
0.01526  621.7 0.01696  669.2 0.01868  716.7
0.0153  623.3 0.017 670.8 0.0187 718.3
0.01534 624.2 0.01704 671.7 0.01876  719.2
0.01538 625 0.01708 672.5 0.0188 720
0.01542  626.7 0.01712 674.2 0.01884  721.7
0.01546  627.5 0.01716  675.8 0.01888 7225
0.0155 629.2 0.01722  676.7 0.01892 724.2
0.01554 630 0.01726  677.5 0.01896 725
0.01558 630.8 0.0173 679.2 0.019 725.8
0.01562  632.5 0.01734 680 0.01904  726.7
0.01568  633.3 0.01738 681.7 0.01908  728.3
0.01572 635 0.01742  682.5 0.01912  729.2
0.01576  635.8 0.01746  683.3 0.01918 730.8
0.0158  636.7 0.0175 685 0.01922  731.7
0.01584  638.3 0.01754 685.8 0.01926  732.5
0.01588  639.2 0.01758  687.5 0.0193 734.2
0.01592 640 0.01764  688.3 0.01934 735
0.01596  641.7 0.01768  689.2 0.01938  735.8
0.016 642.5 0.01772  690.8 0.01942  736.7
0.01604 644.2 0.01776  691.7 0.01946  738.3
0.0161 645 0.0178 6925 0.0195 739.2
0.01612 645.8 0.01784  694.2 0.01954 740.8
0.01616  647.5 0.01788 695 0.01958  741.7
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0.01962 7425 0.02134  787.5 0.02304 830
0.01966  744.2 0.02138  788.3 0.02308  830.8

0.0197 745 0.02142 790 0.02312  831.7
0.01976  745.8 0.02146  790.8 0.02316  832.5
0.0198  746.7 0.0215 791.7 0.02322  833.3
0.01984  748.3 0.02154  792.5 0.02326  834.2
0.01988  749.2 0.02158  794.2 0.0233  835.8
0.01992  750.8 0.02162 795 0.02334  836.7
0.01996  751.7 0.02168  795.8 0.02338 837.5
0.02 752.5 0.02172  797.5 0.02342  838.3
0.02004  754.2 0.02176  798.3 0.02346  839.2
0.02008 755 0.0218  799.2 0.0235  840.8
0.02012  755.8 0.02184 800 0.02354  841.7
0.02018  757.5 0.02188  800.8 0.02358 8425
0.02022  758.3 0.02192  802.5 0.02364  843.3
0.02026  759.2 0.02196  803.3 0.02366  844.2
0.0203  760.8 0.022 804.2 0.02372  845.8
0.02034  761.7 0.02204 805 0.02374  846.7
0.02038 762.5 0.02208  806.7 0.0238  847.5
0.02042 764.2 0.02212  807.5 0.02384  848.3
0.02046 765 0.02216  808.3 0.02388  849.2
0.0205  765.8 0.0222  809.2 0.02392  850.8
0.02054  767.5 0.02226 810 0.02396  851.7
0.02058  768.3 0.0223  811.7 0.024 852.5
0.02062  769.2 0.02234 8125 0.02404  853.3
0.02066  770.8 0.02238  813.3 0.02408  854.2
0.02072  771.7 0.02242  814.2 0.02412  855.8
0.02076 7725 0.02246  815.8 0.02416  856.7
0.0208  773.3 0.0225  816.7 0.02422  857.5
0.02084 775 0.02254  817.5 0.02426  858.3
0.02088 775.8 0.02258  818.3 0.0243  859.2
0.02092  776.7 0.02262  819.2 0.02434  860.8
0.02096  778.3 0.02268  820.8 0.02438  861.7
0.021 779.2 0.02272  821.7 0.02442  862.5
0.02104 780 0.02276 8225 0.02446  863.3
0.02108 780.8 0.0228  823.3 0.0245 865
0.02112 782.5 0.02284  824.2 0.02454  865.8
0.02116  783.3 0.02288  825.8 0.02458  866.7
0.0212  784.2 0.02292  826.7 0.02464  867.5
0.02126  785.8 0.02296  827.5 0.02466  869.2
0.0213  786.7 0.023 828.3 0.0247 870
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0.02476  870.8 0.02646  911.7 0.02816  952.5
0.0248  871.7 0.0265 9125 0.0282 953.3
0.02484 8725 0.02654 914.2 0.02826  954.2
0.02488 874.2 0.02658 915 0.0283 955
0.02492 875 0.02662  915.8 0.02834  955.8
0.02496  875.8 0.02666  916.7 0.02838  956.7
0.025 876.7 0.02672 9175 0.02842  958.3
0.02504 8775 0.02676  919.2 0.02846  959.2
0.02508 878.3 0.0268 920 0.0285 960
0.02512 880 0.02684  920.8 0.02854  960.8
0.02516  880.8 0.02688  921.7 0.02858  961.7
0.02522  881.7 0.02692  922.5 0.02862  962.5
0.02526  882.5 0.02696  923.3 0.02868  964.2
0.0253  884.2 0.027 925 0.02872 965
0.02534 885 0.02704  925.8 0.02876  965.8
0.02538  885.8 0.02708  926.7 0.0288  966.7
0.02542  886.7 0.02714  927.5 0.02884  967.5
0.02546  887.5 0.02718  928.3 0.02888  969.2
0.0255  889.2 0.02722  929.2 0.02892 970
0.02554 890 0.02726  930.8 0.02896  970.8
0.02558  890.8 0.0273  931.7 0.029 971.7
0.02562  891.7 0.02734 9325 0.02904 9725
0.02568  892.5 0.02738  933.3 0.02908 973.3
0.0257  894.2 0.02742  934.2 0.02912 974.2
0.02576 895 0.02746 935 0.02916 975
0.0258  895.8 0.0275  936.7 0.02922  975.8
0.02584  896.7 0.02754  937.5 0.02926  977.5
0.02588  898.3 0.02758  938.3 0.0293  978.3
0.02592  898.3 0.02762  939.2 0.02934  979.2
0.02596 900 0.02766 940 0.02938 980
0.026 900.8 0.02772  940.8 0.02942  980.8
0.02604  901.7 0.02776 9425 0.02946  981.7
0.02608  902.5 0.0278  943.3 0.0295  983.3
0.02612  904.2 0.02784  944.2 0.02954  984.2
0.02618 905 0.02788 945 0.02958 985
0.02622  905.8 0.02792  945.8 0.02964  985.8
0.02626  906.7 0.02796  946.7 0.02968  986.7
0.0263  907.5 0.028 948.3 0.02972  987.5
0.02634  909.2 0.02804  949.2 0.02976  989.2
0.02638 910 0.02808 950 0.0298 990
0.02642  910.8 0.02812  950.8 0.02984  990.8
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0.02988  991.7 0.03158 1029.2 0.0333 1065
0.02992 9925 0.03162 1030 0.03334 1065.8
0.02996  993.3 0.03166 1030.8 0.03338 1066.7

0.03 994.2 0.03172 1031.7 0.03342 1067.5
0.03004 995 0.03176 1032.5 0.03346 1068.3
0.03008  996.7 0.0318 1033.3 0.0335 1069.2
0.03012  997.5 0.03184 1035 0.03354 1070
0.03016  998.3 0.03188 1035 0.03358 1071.7
0.03022  999.2 0.03192 1036.7 0.03362 1071.7
0.03026 1000 0.03196 1037.5 0.03368 1072.5

0.0303 1000.8 0.032 1038.3 0.03372 1073.3
0.03034 1001.7 0.03204 1039.2 0.03376 1074.2
0.03038 1003.3 0.03208 1040 0.0338 1075
0.03042 1004.2 0.03214 1040.8 0.03384 1075.8
0.03046 1005 0.03218 1041.7 0.03388 1076.7
0.0305 1005.8 0.0322 1042.5 0.03392 1077.5
0.03054 1006.7 0.03224 1043.3 0.03396 1078.3
0.03058 1007.5 0.0323 1044.2 0.034 1079.2
0.03062 1008.3 0.03234 1045 0.03404 1080
0.03066 1009.2 0.03238 1046.7 0.03408 1080.8
0.0307 1010 0.03242 1046.7 0.03412 1081.7
0.03076 1010.8 0.03246 1048.3 0.03416 1082.5
0.0308 10125 0.0325 1049.2 0.03422 1083.3
0.03084 1013.3 0.03254 1050 0.03426 1084.2
0.03088 1014.2 0.03258 1050.8 0.0343 1085
0.03092 1015 0.03262 1051.7 0.03434 1085.8
0.03096 1015.8 0.03266 1052.5 0.03438 1086.7
0.031 1016.7 0.03272 1053.3 0.03442 1087.5
0.03104 1017.5 0.03276 1054.2 0.03446 1088.3
0.03108 1018.3 0.0328 1055 0.0345 1089.2
0.03112 1019.2 0.03284 1055.8 0.03454 1090
0.03118 1020.8 0.03288 1056.7 0.03458 1090.8
0.03122 1021.7 0.03292 1057.5 0.03464 1091.7
0.03126 1021.7 0.03296 1058.3 0.03468 1092.5
0.0313 10225 0.033 1059.2 0.0347 1093.3
0.03134 1024.2 0.03304 1060 0.03474 1094.2
0.03138 1025 0.03308 1060.8 0.0348 1095
0.03142 1025.8 0.03312 1061.7 0.03484 1095.8
0.03146 1026.7 0.03316 1062.5 0.03488 1096.7
0.0315 1027.5 0.0332 1063.3 0.03492 1096.7
0.03154 1028.3 0.03326 1064.2 0.03496 1098.3
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0.035 1099.2 0.03672 1129.2 0.03842 1155
0.03504 1099.2 0.03676 1130 0.03846 1155.8
0.03508 1100 0.0368 1130.8 0.0385 1156.7
0.03512 1100.8 0.03684 1130.8 0.03854 1156.7
0.03516 1101.7 0.03688 1131.7 0.03858 1157.5
0.03522 1102.5 0.03692 1132.5 0.03862 1158.3
0.03526 1103.3 0.03696 1133.3 0.03868 1158.3
0.0353 1104.2 0.037 1134.2 0.03872 1159.2
0.03534 1105 0.03704 1135 0.03876 1159.2
0.03538 1105.8 0.03708 1135 0.0388 1160
0.03542 1106.7 0.03712 1135.8 0.03884 1160.8
0.03546 1107.5 0.03716 1136.7 0.03888 1160.8
0.0355 1107.5 0.0372 11375 0.03892 1161.7
0.03554 1108.3 0.03724 1137.5 0.03896 1162.5
0.03558 1109.2 0.0373 1138.3 0.039 1162.5
0.03562 1110 0.03734 1139.2 0.03904 1163.3
0.03566 1110.8 0.03738 1140 0.03908 1163.3
0.0357 1111.7 0.03742 1140 0.03912 1164.2
0.03576 11125 0.03746 1140.8 0.03916 1165
0.0358 1113.3 0.0375 1141.7 0.0392 1165
0.03584 1114.2 0.03754 11425 0.03926 1165.8
0.03588 1115 0.03758 1143.3 0.0393 1166.7
0.03592 1115 0.03762 1143.3 0.03934 1166.7
0.03596 1115.8 0.03766 1144.2 0.03938 1167.5
0.036 1116.7 0.03772 1145 0.03942 1167.5
0.03604 1117.5 0.03776 1145.8 0.03946 1168.3
0.03608 1118.3 0.0378 1145.8 0.0395 1168.3
0.03612 1119.2 0.03784 1146.7 0.03954 1169.2
0.03618 1120 0.03788 1147.5 0.03958 1169.2
0.03622 1120.8 0.03792 1148.3 0.03962 1170
0.03626 1120.8 0.03796 1148.3 0.03968 1170.8
0.0363 1121.7 0.038 1149.2 0.03972 1170.8
0.03634 11225 0.03804 1150 0.03974 1171.7
0.03638 1123.3 0.03808 1150.8 0.0398 1171.7
0.03642 1124.2 0.03816 1151.7 0.03984 11725
0.03646 1125 0.0382 1151.7 0.03988 1172.5
0.0365 1125.8 0.03822 1152.5 0.03992 1173.3
0.03654 1126.7 0.03826 1153.3 0.03996 1173.3
0.03658 1126.7 0.0383 1153.3 0.04 11742
0.03662 1127.5 0.03834 1154.2 0.04004 1174.2
0.03666 1128.3 0.03838 1154.2 0.04008 1175
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0.04012 1175.8 0.04184 1190 0.04354 1199.2
0.04018 1175.8 0.04188 1190 0.04358 1199.2
0.04022 1175.8 0.04192 1190 0.04362 1200
0.04026 1176.7 0.04196 1190.8 0.04368 1200

0.0403 1176.7 0.042 1190.8 0.04372 1200
0.04034 1177.5 0.04204 1190.8 0.04376 1200
0.04038 1177.5 0.04208 1191.7 0.0438 1200.8
0.04042 1178.3 0.04212 1191.7 0.04384 1200.8
0.04046 1178.3 0.04218 1191.7 0.04388 1200.8

0.0405 1179.2 0.0422 1191.7 0.04392 1200.8
0.04054 1179.2 0.04226 1191.7 0.04396 1200.8
0.04058 1180 0.0423 1192.5 0.044 1201.7
0.04064 1180 0.04234 11925 0.04404 1201.7
0.04068 1180.8 0.04238 1192.5 0.04408 1201.7

0.0407 1180.8 0.04242 1193.3 0.04412 1201.7
0.04076 1181.7 0.04246 1193.3 0.04416 1202.5

0.0408 1181.7 0.0425 1193.3 0.0442 12025
0.04084 1181.7 0.04254 1194.2 0.04426 1202.5
0.04088 1182.5 0.04258 1194.2 0.0443 12025
0.04092 1183.3 0.04262 1194.2 0.04434 1203.3
0.04096 1183.3 0.04266 1194.2 0.04438 1203.3

0.041 11833 0.04272 1195 0.04442 1203.3
0.04104 1184.2 0.04276 1195 0.04446 1203.3
0.04108 1184.2 0.0428 1195 0.0445 1203.3
0.04112 1184.2 0.04284 1195.8 0.04454 1204.2
0.04118 1185 0.04288 1195.8 0.04458 1204.2
0.04122 1185 0.04292 1195.8 0.04462 1204.2
0.04126 1185 0.04296 1195.8 0.04468 1204.2

0.0413 1185.8 0.043 1196.7 0.04472 1204.2
0.04134 1185.8 0.04304 1196.7 0.04476 1205
0.04138 1186.7 0.04308 1196.7 0.0448 1205
0.04142 1186.7 0.04314 1197.5 0.04484 1205
0.04146 1186.7 0.04316 1197.5 0.04488 1205

0.0415 1187.5 0.0432 1197.5 0.04492 1205.8
0.04154 1187.5 0.04326 1198.3 0.04496 1205.8
0.04158 1188.3 0.0433 1198.3 0.045 1205.8
0.04162 1188.3 0.04334 1198.3 0.04504 1205.8
0.04166 1188.3 0.04338 1198.3 0.04508 1205.8

0.0417 1189.2 0.04342 1198.3 0.04512 1205.8
0.04176 1189.2 0.04346 1199.2 0.04516 1206.7

0.0418 1189.2 0.0435 1199.2 0.04522 1206.7
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0.04526 1206.7 0.04696 1213.3 0.04866 1219.2
0.0453 1206.7 0.047 1213.3 0.04872 1219.2
0.04534 1207.5 0.04704 1214.2 0.04876 1219.2
0.04538 1207.5 0.04708 1213.3 0.0488 1219.2
0.04542 1207.5 0.04712 1214.2 0.04884 1220
0.04546 1207.5 0.04718 1214.2 0.04888 1220
0.0455 1207.5 0.04722 1214.2 0.04892 1220
0.04554 1207.5 0.04726 1214.2 0.04896 1220
0.04558 1208.3 0.0473 1214.2 0.049 1220
0.04564 1208.3 0.04734 1214.2 0.04904 1220
0.04568 1208.3 0.04738 1215 0.04908 1220
0.0457 1208.3 0.04742 1215 0.04914 1220.8
0.04576 1208.3 0.04746 1215 0.04916 1220.8
0.0458 1209.2 0.0475 1215 0.04922 1220.8
0.04584 1209.2 0.04754 1215 0.04926 1220.8
0.04588 1209.2 0.04758 1215 0.0493 1220.8
0.04592 1209.2 0.04762 1215.8 0.04934 1220.8
0.04596 1209.2 0.04766 1215.8 0.04938 1221.7
0.046 1210 0.04772 1215.8 0.04942 1221.7
0.04604 1210 0.04776 1215.8 0.04946 1221.7
0.04608 1210 0.04778 1215.8 0.0495 12217
0.04612 1210 0.04782 1215.8 0.04954 1221.7
0.04618 1210 0.04788 1215.8 0.04958 1221.7
0.04622 1210 0.04792 1216.7 0.04962 1221.7
0.04626 1210.8 0.04796 1216.7 0.04966 1221.7
0.0463 1210.8 0.048 1216.7 0.04972 12225
0.04634 1210.8 0.04804 1216.7 0.04976 1222.5
0.04638 1210.8 0.04808 1217.5 0.0498 1222.5
0.04642 1211.7 0.04812 1217.5 0.04984 12225
0.04646 1211.7 0.04818 1217.5 0.04988 1222.5
0.0465 1211.7 0.0482 12175 0.04992 12225
0.04654 1211.7 0.04824 1217.5 0.04996 1223.3
0.04658 1211.7 0.0483 12175 0.05 12233
0.04664 12125 0.04834 1218.3 0.05004 1223.3
0.04668 1212.5 0.04838 1218.3 0.05008 1223.3
0.04672 12125 0.04842 1218.3 0.05012 1223.3
0.04676 12125 0.04846 1218.3 0.05018 1223.3
0.0468 1213.3 0.0485 1218.3 0.0502 1223.3
0.04684 1213.3 0.04854 1218.3 0.05026 1224.2
0.04688 1213.3 0.04858 1219.2 0.0503 1224.2
0.04692 1213.3 0.04862 1219.2 0.05034 1224.2
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0.05038 1224.2 0.05208 1228.3 0.0538 1231.7
0.05042 1224.2 0.05212 1228.3 0.05384 1231.7
0.05046 1224.2 0.05216 1228.3 0.05388 1231.7

0.0505 1224.2 0.05222 1228.3 0.05392 1231.7
0.05054 1224.2 0.05226 1228.3 0.05396 1232.5
0.05058 1224.2 0.0523 1229.2 0.054 12325
0.05062 1225 0.05234 1229.2 0.05404 12325
0.05068 1225 0.05238 1229.2 0.05408 1232.5
0.05072 1225 0.05242 1229.2 0.05414 12325
0.05076 1225 0.05246 1229.2 0.05418 1232.5

0.0508 1225 0.0525 1229.2 0.0542 12325
0.05084 1225 0.05254 1229.2 0.05424 12325
0.05088 1225.8 0.05258 1229.2 0.0543 12325
0.05092 1225.8 0.05262 1229.2 0.05434 12325
0.05096 1225.8 0.05266 1229.2 0.05438 1232.5

0.051 1225.8 0.0527 1229.2 0.05442 1232.5
0.05104 1225.8 0.05276 1230 0.05446 1232.5
0.05108 1225.8 0.0528 1230 0.0545 1232.5
0.05112 1225.8 0.05284 1230 0.05454 12325
0.05116 1225.8 0.05288 1230 0.05458 1232.5
0.05122 1225.8 0.05292 1230 0.05462 1233.3
0.05126 1226.7 0.05296 1230 0.05466 1233.3

0.0513 1226.7 0.053 1230 0.05472 1233.3
0.05134 1226.7 0.05304 1230 0.05476 1233.3
0.05138 1226.7 0.05308 1230 0.0548 1233.3
0.05142 1226.7 0.05312 1230.8 0.05484 1233.3
0.05146 1226.7 0.05316 1230.8 0.05488 1233.3

0.0515 1226.7 0.05322 1230.8 0.05492 1233.3
0.05154 1226.7 0.05326 1230.8 0.05496 1233.3
0.05158 1226.7 0.0533 1230.8 0.055 1233.3
0.05164 1226.7 0.05334 1230.8 0.05504 1234.2
0.05166 1227.5 0.05338 1230.8 0.05508 1234.2
0.05172 1227.5 0.05342 1230.8 0.05514 1234.2
0.05174 12275 0.05346 1230.8 0.05518 1234.2

0.0518 12275 0.0535 1230.8 0.0552 1234.2
0.05184 1227.5 0.05354 1230.8 0.05526 1234.2
0.05188 1227.5 0.05358 1231.7 0.0553 1234.2
0.05192 1228.3 0.05362 1231.7 0.05534 1234.2
0.05196 1228.3 0.05366 1231.7 0.05538 1234.2

0.052 1228.3 0.05372 1231.7 0.05542 1234.2
0.05204 1228.3 0.05376 1231.7 0.05546 1234.2
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)

0.0555 1234.2 0.05722 1236.7 0.05892 1238.3
0.05554 1235 0.05726 1236.7 0.05896 1238.3
0.05558 1235 0.0573 1236.7 0.059 1238.3
0.05562 1235 0.05734 1236.7 0.05904 1238.3
0.05568 1235 0.05738 1236.7 0.05908 1238.3
0.05572 1235 0.05742 1236.7 0.05912 1238.3
0.05576 1235 0.05746 1236.7 0.05918 1238.3
0.0558 1235 0.0575 1236.7 0.05922 1238.3
0.05584 1235 0.05754 1236.7 0.05924 1238.3
0.05588 1235 0.05758 1236.7 0.0593 1238.3
0.05592 1235 0.05764 1236.7 0.05934 1238.3
0.05596 1235 0.05768 1237.5 0.05938 1238.3
0.056 1235 0.0577 12375 0.05942 1238.3
0.05604 1235 0.05776 1237.5 0.05946 1238.3
0.05608 1235 0.0578 12375 0.0595 1238.3
0.05612 1235 0.05784 1237.5 0.05954 1239.2
0.05616 1235.8 0.05788 1237.5 0.05958 1238.3
0.0562 1235 0.05792 1237.5 0.05962 1239.2
0.05626 1235 0.05796 1237.5 0.05966 1238.3
0.0563 1235.8 0.058 1237.5 0.05972 1239.2
0.05634 1235.8 0.05804 1237.5 0.05976 1239.2
0.05638 1235.8 0.05808 1237.5 0.0598 1239.2
0.05642 1235.8 0.05812 1237.5 0.05984 1239.2
0.05646 1235.8 0.05818 1237.5 0.05988 1239.2
0.0565 1235.8 0.05822 1237.5 0.05992 1239.2
0.05654 1235.8 0.05826 1237.5 0.05996 1239.2
0.05658 1235.8 0.0583 12375 0.06 1239.2
0.05662 1235.8 0.05834 1237.5 0.06004 1239.2
0.05668 1235.8 0.05838 1237.5 0.06008 1239.2
0.05672 1235.8 0.05842 1238.3 0.06012 1239.2
0.05676 1235.8 0.05846 1237.5 0.06016 1239.2
0.0568 1235.8 0.0585 1238.3 0.0602 1239.2
0.05684 1235.8 0.05854 1238.3 0.06026 1239.2
0.05688 1235.8 0.05858 1237.5 0.0603 1239.2
0.05692 1235.8 0.05862 1237.5 0.06034 1239.2
0.05696 1236.7 0.05866 1238.3 0.06038 1239.2
0.057 1236.7 0.0587 1238.3 0.06042 1239.2
0.05704 1235.8 0.05876 1238.3 0.06046 1239.2
0.05708 1236.7 0.0588 1238.3 0.0605 1239.2
0.05712 1236.7 0.05884 1238.3 0.06054 1239.2
0.05718 1236.7 0.05888 1238.3 0.06058 1239.2
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)
0.06062 1239.2 0.06234 1240 0.06404 1240.8
0.06068 1239.2 0.06238 1240 0.06408 1240.8
0.06072 1239.2 0.06242 1240 0.06412 1240.8
0.06076 1239.2 0.06246 1240 0.06418 1240.8

0.0608 1240 0.0625 1240.8 0.06422 1240.8
0.06084 1240 0.06254 1240 0.06426 1240.8
0.06088 1240 0.06258 1240.8 0.0643 1240.8
0.06092 1240 0.06262 1240.8 0.06434 1240.8
0.06096 1240 0.06266 1240.8 0.06438 1240.8

0.061 1240 0.0627 1240.8 0.06442 1240.8
0.06104 1240 0.06276 1240.8 0.06446 1240.8
0.06108 1240 0.0628 1240.8 0.0645 1240.8
0.06112 1240 0.06284 1240.8 0.06454 1240.8
0.06116 1240 0.06288 1240.8 0.06458 1241.7

0.0612 1240 0.06292 1240.8 0.06462 1240.8
0.06126 1240 0.06296 1240.8 0.06466 1240.8

0.0613 1240 0.063 1240.8 0.06472 1241.7
0.06134 1240 0.06304 1240.8 0.06476 1241.7
0.06138 1240 0.06308 1240.8 0.0648 1240.8
0.06142 1240 0.06312 1240.8 0.06484 1241.7
0.06146 1240 0.06318 1240.8 0.06488 1240.8

0.0615 1240 0.06322 1240.8 0.06492 1240.8
0.06154 1240 0.06326 1240.8 0.06496 1240.8
0.06158 1240 0.0633 1240.8 0.065 1241.7
0.06162 1240 0.06334 1240.8 0.06504 1241.7
0.06168 1240 0.06338 1240.8 0.06508 1241.7
0.06172 1240 0.06342 1240.8 0.06512 1241.7
0.06176 1240 0.06346 1240.8 0.06516 1240.8

0.0618 1240 0.0635 1240.8 0.0652 12417
0.06184 1240 0.06354 1240.8 0.06526 1241.7
0.06188 1240 0.06358 1240.8 0.0653 1241.7
0.06192 1240 0.06362 1240.8 0.06534 1241.7
0.06196 1240 0.06366 1240.8 0.06538 1241.7

0.062 1240 0.0637 1240.8 0.06542 1241.7
0.06204 1240 0.06376 1240.8 0.06546 1241.7
0.06208 1240 0.0638 1240.8 0.0655 1241.7
0.06212 1240 0.06384 1240.8 0.06554 1241.7
0.06216 1240 0.06388 1240.8 0.06558 1241.7
0.06222 1240 0.06392 1240.8 0.06562 1241.7
0.06226 1240 0.06396 1240.8 0.06568 1241.7
0.0623 1240 0.064 1240.8 0.06572 1241.7
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)

0.06576 1241.7 0.06746 1241.7 0.06918 1241.7
0.0658 1241.7 0.0675 1241.7 0.0692 1241.7
0.06584 1241.7 0.06754 1241.7 0.06924 1241.7
0.06588 1241.7 0.06758 1241.7 0.0693 1241.7
0.06592 1241.7 0.06764 1241.7 0.06934 1241.7
0.06596 1241.7 0.06766 1241.7 0.06938 1241.7
0.066 1241.7 0.0677 1241.7 0.06942 1241.7
0.06604 1241.7 0.06776 1241.7 0.06946 1241.7
0.0661 1241.7 0.0678 1241.7 0.0695 1241.7
0.06612 1241.7 0.06784 1241.7 0.06954 1241.7
0.06616 1241.7 0.06788 1241.7 0.06958 1241.7
0.0662 1241.7 0.06792 1241.7 0.06962 1241.7
0.06626 1241.7 0.06796 1241.7 0.06966 1241.7
0.0663 1241.7 0.068 1241.7 0.06972 1241.7
0.06634 1241.7 0.06804 1241.7 0.06976 1241.7
0.06638 1241.7 0.06808 1241.7 0.0698 1241.7
0.06642 1241.7 0.06812 1241.7 0.06984 1241.7
0.06646 1241.7 0.06818 1241.7 0.06988 1241.7
0.0665 1241.7 0.06822 1241.7 0.06992 1241.7
0.06654 1241.7 0.06826 1241.7 0.06998 1241.7
0.06658 1241.7 0.0683 1241.7 0.07002 1241.7
0.06662 1241.7 0.06834 1241.7 0.07004 1241.7
0.06668 1241.7 0.06838 1241.7 0.07008 1241.7
0.06672 1241.7 0.06842 1241.7 0.07014 1241.7
0.06676 1241.7 0.06846 1241.7 0.07018 1241.7
0.0668 1241.7 0.0685 1241.7 0.0702 1241.7
0.06684 1241.7 0.06854 1241.7 0.07026 1241.7
0.06688 1241.7 0.06858 1241.7 0.0703 1241.7
0.06692 1241.7 0.06862 1241.7 0.07034 1241.7
0.06696 1241.7 0.06866 1241.7 0.07038 1241.7
0.067 1241.7 0.0687 1241.7 0.07042 1241.7
0.06704 1241.7 0.06876 1241.7 0.07046 1241.7
0.06708 1241.7 0.0688 1241.7 0.0705 1241.7
0.06712 1241.7 0.06884 1241.7 0.07054 1241.7
0.06716 1241.7 0.06888 1241.7 0.07058 1241.7
0.06722 1241.7 0.06892 1241.7 0.07062 1241.7
0.06726 1241.7 0.06896 1241.7 0.07068 1241.7
0.0673 1241.7 0.069 1241.7 0.07072 1241.7
0.06734 1241.7 0.06904 1241.7 0.07076 1241.7
0.06738 1241.7 0.06908 1241.7 0.0708 1240.8
0.06742 1241.7 0.06912 1241.7 0.07084 1240.8
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)
0.07088 1241.7 0.07258 1240.8 0.0743 1240.8
0.07092 1241.7 0.07264 1240.8 0.07434 1240.8
0.07096 1241.7 0.07268 1241.7 0.07438 1240.8

0.071 1241.7 0.0727 1241.7 0.07442 1240.8
0.07104 1241.7 0.07276 1241.7 0.07446 1240.8
0.0711 1241.7 0.0728 1240.8 0.0745 1240.8
0.07112 1241.7 0.07284 1240.8 0.07454 1240.8
0.07116 1241.7 0.07288 1240.8 0.07458 1240.8
0.0712 1241.7 0.07292 1240.8 0.07462 1240.8
0.07126 1240.8 0.07296 1240.8 0.07466 1240.8
0.0713 1241.7 0.073 1240.8 0.07472 1240.8
0.07134 1240.8 0.07304 1240.8 0.07476 1240.8
0.07138 1241.7 0.07308 1240.8 0.0748 1240.8
0.07142 1241.7 0.07312 1240.8 0.07484 1240.8
0.07146 1241.7 0.07318 1241.7 0.07488 1240.8
0.0715 1241.7 0.07322 1240.8 0.07492 1240.8
0.07154 1241.7 0.07326 1240.8 0.07496 1240.8
0.07158 1241.7 0.0733 1240.8 0.075 1240.8
0.07162 1241.7 0.07334 1240.8 0.07504 1240.8
0.07168 1240.8 0.07338 1240.8 0.07508 1240.8
0.07172 1241.7 0.07342 1240.8 0.07512 1240.8
0.07176 1241.7 0.07346 1241.7 0.07518 1240.8
0.0718 1241.7 0.0735 12417 0.0752 1240.8
0.07184 1241.7 0.07354 1241.7 0.07526 1240.8
0.07188 1241.7 0.07358 1241.7 0.0753 1240.8
0.07192 1241.7 0.07362 1240.8 0.07534 1240.8
0.07196 1241.7 0.07366 1240.8 0.07538 1240.8
0.072 1241.7 0.0737 1240.8 0.07542 1240.8
0.07204 1241.7 0.07376 1240.8 0.07546 1240.8
0.07208 1241.7 0.0738 1240.8 0.0755 1240.8
0.07212 1241.7 0.07384 1240.8 0.07554 1240.8
0.07216 1241.7 0.07388 1240.8 0.07558 1240.8
0.07222 1241.7 0.07392 1240.8 0.07562 1240.8
0.07226 1240.8 0.07396 1240.8 0.07568 1240.8
0.0723 1241.7 0.074 1240.8 0.07572 1240
0.07234 1240.8 0.07404 1240.8 0.07576 1240.8
0.07238 1241.7 0.07408 1240.8 0.0758 1240
0.07242 1241.7 0.07412 1240.8 0.07584 1240
0.07246 1240.8 0.07418 1240.8 0.07588 1240.8
0.0725 1241.7 0.07422 1240.8 0.07592 1240.8
0.07254 1241.7 0.07426 1240.8 0.07596 1240
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)

0.076 1240 0.07772 1239.2 0.07942 1239.2
0.07604 1240.8 0.07776 1239.2 0.07946 1239.2
0.07608 1240 0.0778 1239.2 0.0795 1238.3
0.07612 1240 0.07784 1239.2 0.07954 1239.2
0.07616 1240.8 0.07788 1239.2 0.07958 1239.2
0.0762 1240 0.07792 1239.2 0.07962 1239.2
0.07626 1240 0.07796 1239.2 0.07966 1238.3
0.0763 1240 0.078 1240 0.07972 1238.3
0.07634 1240 0.07804 1240 0.07976 1238.3
0.07638 1240 0.07808 1239.2 0.0798 1238.3
0.07642 1240 0.07812 1239.2 0.07984 1238.3
0.07646 1240 0.07816 1239.2 0.07988 1238.3
0.0765 1240 0.07822 1239.2 0.07992 1238.3
0.07654 1240 0.07826 1239.2 0.07996 1238.3
0.07658 1240 0.0783 1239.2 0.08 1238.3
0.07662 1240 0.07834 1239.2 0.08004 1238.3
0.07668 1240 0.07838 1239.2 0.08008 1238.3
0.07672 1240 0.07842 1239.2 0.08014 1238.3
0.07676 1240 0.07846 1239.2 0.08016 1238.3
0.0768 1240 0.0785 1239.2 0.0802 1238.3
0.07684 1240 0.07854 1239.2 0.08024 1238.3
0.07688 1240 0.07858 1239.2 0.0803 1238.3
0.07692 1240 0.07862 1239.2 0.08034 1238.3
0.07696 1240 0.07866 1239.2 0.08038 1238.3
0.077 1240 0.0787 1239.2 0.08042 1238.3
0.07704 1240 0.07876 1239.2 0.08046 1238.3
0.07708 1240 0.0788 1239.2 0.0805 1238.3
0.07712 1239.2 0.07884 1239.2 0.08054 1238.3
0.07716 1240 0.07888 1239.2 0.08058 1238.3
0.07722 1239.2 0.07892 1239.2 0.08062 1238.3
0.07726 1240 0.07896 1239.2 0.08066 1238.3
0.0773 1240 0.079 1239.2 0.08072 1238.3
0.07734 1240 0.07904 1239.2 0.08076 1237.5
0.07738 1240 0.07908 1239.2 0.0808 1237.5
0.07742 1239.2 0.07914 1239.2 0.08084 1237.5
0.07746 1240 0.07918 1239.2 0.08088 1237.5
0.0775 1240 0.07922 1239.2 0.08092 1237.5
0.07754 1240 0.07926 1239.2 0.08096 1237.5
0.07758 1240 0.0793 1239.2 0.081 1237.5
0.07764 1240 0.07934 1239.2 0.08104 1237.5
0.07768 1239.2 0.07938 1239.2 0.08108 1237.5
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Strain Force Strain Force Strain Force

(m/m) (N) (m/m) (N) (m/m) (N)
0.08112 1237.5 0.08284 1235 0.08454 1230.8
0.08116 1237.5 0.08288 1235.8 0.08458 1230.8

0.0812 1237.5 0.08292 1235 0.08462 1230.8
0.08126 1237.5 0.08296 1235 0.08466 1230.8
0.0813 1237.5 0.083 1235 0.08472 1230
0.08134 1237.5 0.08304 1235 0.08476 1230
0.08138 1237.5 0.08308 1235 0.0848 1230
0.08142 1237.5 0.08312 1235 0.08484 1229.2
0.08146 1237.5 0.08316 1235 0.08488 1229.2
0.0815 1237.5 0.08322 1235 0.08492 1229.2
0.08154 1237.5 0.08326 1235 0.08496 1229.2
0.08158 1237.5 0.0833 1234.2 0.085 1229.2
0.08162 1237.5 0.08334 1234.2 0.08504 1228.3
0.08168 1236.7 0.08338 1234.2 0.08508 1228.3
0.08172 1236.7 0.08342 1234.2 0.08512 1228.3
0.08176 1236.7 0.08346 1234.2 0.08518 1227.5
0.0818 1236.7 0.0835 1234.2 0.0852 1226.7
0.08184 1236.7 0.08354 1234.2 0.08524 1226.7
0.08188 1236.7 0.08358 1234.2 0.0853 1226.7
0.08192 1236.7 0.08362 1233.3 0.08534 1225.8
0.08196 1236.7 0.08366 1233.3 0.08538 1225.8
0.082 1236.7 0.0837 1233.3 0.08542 1225
0.08204 1236.7 0.08376 1233.3 0.08546 1225
0.08208 1236.7 0.0838 1233.3 0.0855 1224.2
0.08212 1236.7 0.08384 1232.5 0.08554 1224.2
0.08216 1236.7 0.08388 1232.5 0.08558 1224.2
0.08222 1236.7 0.08392 1232.5 0.08562 1223.3
0.08226 1236.7 0.08396 1232.5 0.08566 1222.5
0.0823 1236.7 0.084 12325 0.08572 12225
0.08234 1235.8 0.08404 1232.5 0.08576 1221.7
0.08238 1235.8 0.08408 1232.5 0.0858 1220.8
0.08242 1235.8 0.08412 1232.5 0.08584 1220
0.08246 1235.8 0.08418 1232.5 0.08588 1220
0.0825 1235.8 0.08422 1231.7 0.08592 1219.2
0.08254 1235.8 0.08426 1231.7 0.08596 1218.3
0.08258 1235.8 0.0843 1231.7 0.086 1218.3
0.08264 1235.8 0.08434 1231.7 0.08604 1216.7
0.08268 1235.8 0.08438 1231.7 0.08608 1216.7
0.0827 1235.8 0.08442 1230.8 0.08612 1215.8
0.08276 1235.8 0.08446 1231.7 0.08616 1215
0.0828 1235.8 0.0845 1230.8 0.08622 1214.2
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Strain Force
(m/m) (N)

0.08626 12125
0.0863 1211.7
0.08634 1210.8
0.08638 1209.2
0.08642 1208.3
0.08646 1206.7
0.0865 1205
0.08654 1203.3
0.08658 1201.7
0.08662 1199.2
0.08668 1195.8
0.08672 1190.8
0.08676 895.8
0.0868 -21.67
0.08684 -21.67
0.08688 -21.67
0.08692 -21.67
0.08696 -21.67
0.087 -21.67
0.08704 -21.67
0.0871 -21.67
0.08714 -21.67
0.08716  -21.67
0.0872 -21.67
0.08726  -21.67
0.0873 -21.67
0.08734 -21.67
0.08738 -21.67
0.08742 -21.67
0.08746 -21.67
0.0875 -21.67
0.08754 -21.67
0.08758 -21.67
0.08764 -21.67
0.08768 -21.67

Appendix B: Full Plat Showing Multiple Trials of Tests
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Full Density Data arfdalculated Values

Appendix C

Part Name Density Infill Volume Part Volume Surface Volume Surface Weight Total Weight Infill Weight Infill Density Infill %
F25.04-L 0.70 4343.40 6554.826 2211.426 2.167 4.6 2.433 5.60E-04 52.9%
F25.04-H 0.87 4343.40 6554.826 2211.426 2.167 5.7 3.533 8.13E-04 62.0%
F25.04-S 0.98 4343.40 6554.826 2211.426 2.167 6.4 4.233 9.75E-04 66.1%
F25.08-L 0.67 9169.40 13109.651 3940.251 3.861 8.8 4.939 5.39E-04 56.1%
F25.08-H 0.85 9169.40 13109.651 3940.251 3.861 111 7.239 7.89E-04 65.2%
F25.08-S 0.98 9169.40 13109.651 3940.251 3.861 12.8 8.939 9.75E-04 69.8%
F25.12-L 0.66 13995.40 19664.477 5669.077 5.556 13.0 7.444 5.32E-04 57.3%
F25.12-H 0.84 13995.40 19664.477 5669.077 5.556 16.6 11.044 7.89E-04 66.5%
F25.12-S 0.98 13995.40 19664.477 5669.077 5.556 19.2 13.644 9.75E-04 71.1%
F37.04-L 0.57 7246.62 9832.238 2585.618 2.534 5.6 3.066 4.23E-04 54.8%
F37.04-H 0.83 7246.62 9832.238 2585.618 2.534 8.2 5.666 7.82E-04 69.1%
F37.04-S 0.98 7246.62 9832.238 2585.618 2.534 9.6 7.066 9.75E-04 73.6%
F37.08-L 0.53 15298.42 19664.477 4366.057 4.279 10.4 6.121 4.00E-04 58.9%
F37.08-H 0.81 15298.42 19664.477 4366.057 4.279 16.0 11.721 7.66E-04 73.3%
F37.08-S 0.97 15298.42 19664.477 4366.057 4.279 19.1 14.821 9.69E-04 77.6%
F37.12-L 0.51 23350.22 29496.715 6146.495 6.024 15.0 8.976 3.84E-04 59.8%
F37.12-H 0.81 23350.22 29496.715 6146.495 6.024 23.8 17.776 7.61E-04 74.7%
F37.12-S 0.98 23350.22 29496.715 6146.495 6.024 28.8 22.776 9.75E-04 79.1%
F50.04-L 0.52 10149.84 13109.651 2959.811 2.901 6.8 3.899 3.84E-04 57.3%
F50.04-H 0.82 10149.84 13109.651 2959.811 2.901 10.8 7.899 7.78E-04 73.1%
F50.04-S 0.98 10149.84 13109.651 2959.811 2.901 12.9 9.999 9.85E-04 77.5%
F50.08-L 0.46 21427.44 26219.302 4791.862 4.696 12.0 7.304 3.41E-04 60.9%
F50.08-H 0.80 21427.44 26219.302 4791.862 4.696 21.0 16.304 7.61E-04 77.6%
F50.08-S 0.98 21427.44 26219.302 4791.862 4.696 25.7 21.004 9.80E-04 81.7%
F50.12-L 0.43 32705.04 39328.954 6623.914 6.491 17.1 10.609 3.24E-04 62.0%
F50.12-H 0.79 32705.04 39328.954 6623.914 6.491 311 24.609 7.52E-04 79.1%
F50.12-S 0.98 32705.04 39328.954 6623.914 6.491 385 32.009 9.79E-04 83.1%
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Appendix D: ANOVA Results

Ori entation Test s

One-way ANOVA: UTS versus Raster Angle

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 09.05

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Angle 2 45, 90

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Angle 1 ©.6829 0.68295 15.77 @.017
Error 4 ©.1732 0.04330

Total 5 0.8561

Model Summary
S R-sq R-sq(adj) R-sq(pred)
0.208081 79.77% 74 .71% 54.48%

Means

Angle N Mean StDev 95% CI

45 3 20.720 0.177 (20.387, 21.054)
1] 3 20.046 0.235 (19.712, 20.379)
Pooled StDev = 0.208081
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Thi ckness Test

One-way ANOVA: UTS versus Thickness

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.
Factor Information
Factor Levels Values

Thickness 6 ©.15, 0.35, 0.50, 0.65, ©.75, 1.00

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Thickness 5 21.1579 4.23159 198.29 0.000
Error 6 0.1280 0.02134

Total 11 21.2860

Model Summary
S R-sq R-sq(adj) R-sq(pred)

0.146082 99.40% 98.90% 97.59%

Means

Thickness N Mean StDev 95% CI

0.15 2 20.9074 0.1346 (20.6546, 21.1601)
0.35 2 18.6734 ©0.0335 (18.4207, 18.9262)
0.50 2 17.8216 ©0.039@ (17.5688, 18.8743)
0.65 2 17.395 0.209 ( 17.142, 17.648)
0.75 2 17.412 0.247 ( 17.159, 17.665)
1.00 2 16.9297 0.0505 (16.6770, 17.1825)

Pooled StDev = 0.146082
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Clamping

Test

Factorial Regression: UTS versus Orientation, Size

Analysis of Variance

Source DF
Model 2
Linear 2
Orientation 1
Size 1
Error 5
Lack-of-Fit 1
Pure Error 4
Total 7

Adj SS

30.
30.
.1258
30.
.0283
.0003
.0280
30.

[

7317
7317

6059

7600

Adj Ms
15.3658
15.3658

9.1258
30.6059

9.0057

0.0003

9.0070
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F-Value
2713.72
2713.72

22.22
5405.23

0.05

P-Value
0.000
0.000
0.005
0.000

0.840



One-way ANOVA: UTS versus Clamp at 0.5”

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Clamp 2 0,1

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Clamp 1 ©.06943 0.069433 9.97 0.087
Error 2 0.01393 0.006967

Total 3 0.08337

Model Summary
S R-sq R-sq(adj) R-sq(pred)
0.0834702 83.29% 74.93% 33.14%

Means

Clamp N Mean  StDev 95% CI

% 2 18.1164 ©.0438 (17.8625, 18.3704)
1 2 18.3799 0.1096 (18.1260, 18.6339)

Pooled StDev = 0.0834702
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One-way ANOVA: UTS versus Clamp at @.25”

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0.05

Equal variances were assumed for the analysis.

Factor Information
Factor Levels Values
Clamp 2 0,1

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Clamp 1 ©0.05668 ©0.056682 8.07 0.105
Error 2 0.01405 0.007027

Total 3 0.07074

Model Summary
S R-sq R-sq(adj) R-sq(pred)

©.0838264 80.13% 70.20% 20.53%
Means

Clamp N Mean  StDev 95% CI

(2 2 22.0410 0.1035 (21.7860, 22.2961)
1 2 22.2791 0.0579 (22.0241, 22.5342)

Pooled StDev = 0.8838264
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