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ABSTRACT 

 

 

The term 3D printing is becoming more of a household term every day.  From hobby 

enthusiasts to industrial production, 3D printing technology has generated great progress in the 

product and development sector.  The ability to quickly go from an idea to a tangible product is 

the dream of any engineer.  The potential for the types of parts that can be created using 3D 

printing is truly limitless.  One major reason for this is the large number of customizable inputs 

the user can define before the printing process begins.  One of the most important considerations, 

especially when dealing with structural components, is the type and percentage of part infill. 

This study takes a look at how the geometrical shape of this infill affects the mechanical 

properties, specifically tensile ones, of a given part.  Specimen of rectangular, diamond, and 

hexagonal infill patterns were printed on an open source desktop printer using the fused filament 

fabrication (FFF) 3D printing method.  A sampling of solid specimen were also printed in order 

to provide a baseline for comparison.  These specimen were then subjected to tensile testing in 

accordance with the ASTM D638 standard.   

Unlike some other previously published studies, this study factored in the percent infill in 

regards to the cross-sectional area in the calculations performed.  Load vs. elongation data was 

obtained from the TestWorks 4 software and exported to a spreadsheet for post-processing.  This 

data was then converted to stress and strain values in order to construct stress vs. strain diagrams.  

Through the combined use of these diagrams and a few basic formulas, mechanical properties 

such as modulus, yield stress, ultimate tensile stress, and percent elongation were able to be 

determined for each geometrical infill configuration.  The results for each shape were then 

compared and contrasted using both visual and tabulated means.  A computer simulation was 

also done in order to reflect on the predictability of the printed specimen’s performance. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

Nearly all engineering design projects begin with a few universal steps no matter the 

application.  After the birth of the initial concept, crucial planning must be done to ensure the 

engineer takes the best course of action.  The design of any engineering component involves 

three interrelated problems: selecting a material, specifying a shape, and choosing a 

manufacturing process [1].  Getting this selection right the first time by selecting the optimal 

combination for a design has enormous benefits to the production of any engineering product.  It 

leads to lower costs, shorter production times, a reduction in the number of in-service failures 

and, sometimes, many other significant advantages relative to your competition [1].  There are 

often an infinite number of possibilities and combinations which exist and, while they may all be 

viable options, it stands to reason that there exists an optimal solution.  The recent development 

and advances in the field of rapid prototyping technology provides the engineer a more 

innovative approach to combating this complex issue [50].  First becoming visible in the late 

1980’s, Rapid Prototyping (RP) technologies were originally developed as a quicker, more cost-

effective method for creating prototypes within industry [2]. 

Much progress was achieved throughout the 1990’s and early 2000’s with a host of new 

technologies emerging in the industry [2].  The large majority of these technologies were still 

focused almost entirely on industrial applications with much focus being placed on how this 

rapid production technology could be applied to the tooling and manufacturing sectors [2].  3D 

printing/fabrication did not begin to show significant possibility in terms of a standalone means 
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of production, however, until the mid-90’s [51].  At this time, two main areas of emphasis 

emerged.  The first was considered more as high end 3D printing and was mainly geared towards 

the production of highly engineered complex parts [2].  This development is still ongoing but the 

results are only now really starting to become visible in production applications such as the 

aerospace, medical, and automotive sectors [2].  At the other end of the spectrum, machines 

dubbed “concept modelers”, were being developed.  These 3D printers were inspired by the need 

to improve concept development and functional prototyping and were the predecessor to today’s 

desktop 3D printers.  The first sub $10,000 machine reached the market in 2007 but it wasn’t 

until January of 2009 that the first commercially available 3D printer was offered to the public 

[2].  Now, 3D printers can be purchased both online and in stores for very affordable prices, 

some less than $500.  This has resulted in an explosion of concepts and the formation of a large 

community of “builders” in terms of 3D printing enthusiasm.  This technology is now readily 

available for anyone interested in industrial applications or 3D printing concepts from a simple 

hobby perspective. 

1.2 Motivation 

A quick Google search of “3D printing” shows some very interesting concepts.  Most of 

the retrieved results, however, are related to small toys and other objects whose purposes are 

quite vague.  While there is a time and place for producing fun and aesthetically attractive 

objects, my motivation is fueled by the potential that I see in 3D printing in terms of its potential 

contributions to the field of engineering.  While some older tried and true materials and 

manufacturing processes are still viable options, I feel that 3D printing has some negative 

connotations surrounding it for what I think are invalidated reasons.  Some say it is too 

unpredictable or lacks consistent strength, quality, or reliability [3].  That being said, most of the 
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time the potential use of this technology is often dismissed before it is given a chance.  In recent 

years, however, those passionate or just curious about this technology have been in the quest of 

helping to develop a series of viable quality assurance process that will hopefully help solve 

some of these problems [3]. 

It is really an engineer’s dream to be able to take an idea and turn it in to something 

tangible.  3D printing makes this dream a reality and the number of enthusiasts, both engineers 

and non-engineers alike, is growing rapidly.  Today, anyone can buy a desktop printer and learn 

to model and 3D print their designs relatively quickly and cost effectively due to the vast array of 

3D printing websites available in the online community.  The potential of the rapid prototyping 

industry, I believe, is far from its peak.  The main motivation for this study was to see how 

relevant parts printed on an entry-level, desktop 3D printer were in terms of real world 

applicability. 

1.3 Research Objectives 

The main research objectives of this research paper can be summed up as follows: 

1. Provide the reader with a general understanding of the fused deposition modeling 3D 

printing technique 

2. Print samples of various infill shapes and test them according to the ASTM D638 

standard. 

3. Post-process the data acquired from the testing and compare/contrast various 

calculated values related to the mechanical performance of each sample 

The rest of this paper will take a more serious and engineering based look at 3D printing.  3D 

printing is something I have become very interested and involved in over the last couple of years.  

Having bought and set up my own printer, I have discovered that the possibilities of this 
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technology are truly endless.  While I would consider myself somewhat experienced in the topic, 

I soon discovered after some research that I had only scratched the surface and that much more 

was entailed in this technology than I ever imagined. 

Through this study, I was able to use my chosen combination of printer and software to 

design and print a part, more technically a test specimen, to precise specifications.  I was then 

able to test these parts in a tensile testing machine on campus.  After acquiring the data, I was 

able to draw conclusions and calculate material properties such as the modulus of elasticity, yield 

strength, ultimate strength, and strain energy for the samples.  These results could then be 

compared with some previously obtained data from other sources to verify the accuracy. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 3D Printing Basic Overview 

A simple definition for 3D printing is that it is a process in which a three dimensional 

solid object is formed from a digital file [4].  Also commonly known as desktop fabrication or 

additive manufacturing (AM), the process of giving a digital file a tangible shape is achieved 

using additive processes [5].  Before printing can begin, however, a virtual design must be 

constructed in the form of a CAD (computer aided design) file.  This can be accomplished either 

through the conventional design process in a product such as AUTOCAD or CATIA, or by more 

modern technologies such as 3D scanning or recognition [56].  Either way, the first objective of 

the designer is to obtain a computer file which fully encapsulates and portrays his or her idea.  

This is where the designer must account for the type of process which will be utilized.  Not all 

3D printers use the same type of technology and there may very well be more than one type that 

would be suitable for any given project.  Since 2010, the American Society for Testing and 

Materials (ASTM) group “ASTM F42 – Additive Manufacturing”, has developed a set of 

standards that categorize the Additive Manufacturing processes into 7 types. These seven 

processes are: 

 Vat Photopolymerisation 

 Material Jetting 

 Binder Jetting 

 Material Extrusion 

 Powder Bed Fusion 
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 Sheet Lamination 

 Directed Energy Deposition 

A general overview of how these processes coalesce can be found in Figure 1.  The 

hierarchy, from left to right, shows that there are a few determining factors when either 

determining which process to use or when trying to identify a certain process.  One is the 

deposition process which basically refers to how the material being used is deposited onto the 

printing surface, commonly referred to as a bed.  The next defining factor is the sintering 

method.  Sintering can be defined as the process of forming a coherent mass without melting [8].  

After that, the more specific technology is noted followed by a branch for each showing the most 

common material used in each processing technique. 

 

Figure 1. Flowchart showing different 3D printing methodologies [7]  

More specifics on each type of process can be found either on 3Dprinting.com [4] or 

elsewhere on the world-wide web.   
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2.1.1 Fused Deposition Modeling Technique 

One of the most common techniques, used especially in open-source units, is fused 

deposition modeling (FDM), a subtype of the material extrusion type.  First developed and 

implemented in the 1980s by Scott Crump, founder of Stratasys Ltd., the fused deposition 

modeling technique soon rose to the top of the industry for its simplicity and ease of use [6].  The 

term “fused deposition modeling” was soon trademarked by Stratasys Ltd. so, after some legal 

dealings, the term fused filament fabrication (FFF) was developed as a general, more legal way 

to reference the process [9].  Not unlike many other techniques, this process is based on adding 

material layer by layer until the desired shape is formed [56].  A diagram of a typical FFF style 

printer can be seen in Figure 2. 

 

Figure 2. Schematic overview of the fused filament fabrication (FFF) process [9] 
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The printing process itself starts with a roll or “spool” of filament which is placed on a 

holding mount either very near or on the printer.  This will be the stock used in the process and it 

is normally, but not limited to, some form of polymer [9].  The more common materials used and 

the specific filament material chosen for this study will be explained in greater detail later.  One 

thing of note is that the quality of the filament is one of the most important factors in achieving 

good results [10].  Air pockets and debris can certainly effect the eventual extrusion process but 

the most important variable is the consistency of the diameter of the filament [52].  A general 

rule is that the outer diameter of the filament should not exceed a tolerance of +/- .1 mm, with 

0.05 mm being ideal [10].  A filament that is too thick can congest the extruder causing issues 

such as blotting and jamming.  On the contrary, if the diameter is too small, the extruder will 

likely have problems gripping which will result in the lack of extrusion being applied to the part.  

Once a good quality filament has been chosen, it is fed into the extruder gearbox which consists 

of a roller and toothed gear of specific ratios.  The toothed gear is used to grip the filament so 

that is can be fed at the proper speed.  From there, the filament goes directly into the extruder 

where it is heated to its proper working temperature.   

After the filament passes through the extruder it is in a workable form and is much 

smaller in diameter than when entering the machine.  This results in the capability of precise 

deposition.  The part is formed when the extruder traverses the bed and the material is laid down.  

A good representation of this part of the process is shown in Figure 3 [4]. 
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Figure 3. Schematic view of the deposition step of the fused filament fabrication (FFF) process  

[4] 

 This is the step where the part begins to take shape.  After exiting the extruder, the 

material comes in contact with the print bed where it expectantly begins to lay down.  One of the 

most common issues with open source 3D printing is getting the material to properly adhere to 

the bed.  There exists a fine line as to the degree of this adherence as well.  Too much and the 

part can be very difficult to remove after printing.  Too little and the part will not take the proper 

shape.  Some printers, especially commercial ones, are equipped with heated print beds which 

have higher success rates in getting prints properly adhere. 

The print process usually involves a priming or “purging” sequence in which the extruder 

ensures the material is flowing freely.  This is important because the adherence and quality of the 

first layer is vital to the success of the overall print.  The extruder nozzle then travels across the 
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bed, usually starting with the outside contour of the part.  After the outline is complete, the 

nozzle then fills in the layer to the desired percentage.  This step is known as infilling.  Provided 

the printing up to this point goes as planned, the first layer is now complete but, at this point, the 

part can be thought of as only having two dimensions.   

The third dimension begins to take shape when the bed moves a precise distance away 

from the nozzle which is equivalent to the layer height.  The process of contouring and infilling 

then repeats until the entire part is constructed.  The temperature of the material throughout this 

process is obviously of high importance.  Too warm and the material might not be able to 

properly hold its form upon deposition.  Too cool and the material will not be able to properly 

bond with itself or other layers.  Most printers include a succession of small fans which have the 

ability to toggle on and off when needed throughout the process.  This is done to ensure the 

temperature of the material is what it needs to be at various times during the progression of the 

print. 

2.2 Materials used in 3D Printing 

As in any engineering design project, material selection is extremely important [55].  The 

3D printing industry offers a large list of potential materials that can be used.  The types of 

materials depend on the category of process being used.  Some of the more common 

combinations are shown in Figure 1.  Once a 3D model is constructed and output into the correct 

format, the designer is left with a decision.  Sometimes limitations or requirements might dictate 

the material to be used.  For instance, if a part is to be made from predetermined material, that 

can decide the type of process to be used, and vice versa.   

Metals, resins, nylon, ceramics, paper and even biomaterials can be used in 3D printing 

applications.  By far the most common materials used, however, are those belonging to the 
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polymer family [11].  This is largely due to their low cost, relative ease of manufacturing, and 

vast diversity in terms of chemical, physical, and mechanical properties [12].  Polymeric 

materials can be categorized in a number of comparative ways.  Some common categories 

include natural versus synthetic and oil-resistant versus non-oil-resistant [13].  One of the most 

important distinctions between the different types of polymers, though, is thermoset versus 

thermoplastic [52].  The common prefix “thermo” gives the hint that the difference lies in how 

these two material types respond to heat [13].  Thermosets, by definition, are materials which 

harden or “set” into a given shape, generally through the application of heat [13].  This process is 

commonly known as curing and, in this case, the process is irreversible meaning that, once 

cured, the material will not remelt or regain the processibility it had before being cured [13].  In 

relation to chemistry, thermosets undergo chemical reactions where permanent connections, also 

known as cross-links, are formed [13].  A pictorial representation of this can be seen in Figure 4.  

Polyurethanes, epoxy resins, various types of formaldehyde, and Bakelite can all be considered 

thermosets [14]. 

With the basics of 3D printing having already been briefly explained, it can be 

determined that thermosets are probably not the best option.  Unlike thermosets, thermoplastics 

soften when heated [13].  In the case of the fused filament fabrication (FFF) 3D printing 

technique, the thermoplastic starts out in filament form and is fed through the heated extruder 

nozzle which makes it soft and pliable.  After the heat is removed from a thermoplastic, the 

material will harden into its final shape.  In this case, no crosslinks are formed and therefore, the 

processing of thermoplastics can be considered wholly reversible [13]. 
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Figure 4. Pictorial representation of thermoset and thermoplastic polymer chains [14]  

There are some distinct advantages that thermoplastics possess over their counterparts.  A 

few of these are directly related to 3D printing.  They can be summarized in the following list 

[14]: 

 High impact resistance (approximately 10 times that of thermosets) 

 Can be recycled and reused 

 High chemical resistance 

 Aesthetically better surface finish 

 Uncured thermoplastics do not need refrigerated storage 

 Environmentally friendly production (less emissions)   
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2.2.1 PLA vs. ABS 

Two main polymers dominate the fused filament fabrication (FFF) industry: ABS and 

PLA [52].  ABS, the abbreviation for Acrylonitrile Butadiene Styrene, is an oil based 

thermoplastic and is one of the most common plastics used in the industry, particularly among 

commercial based applications [15].  The chemical structure for ABS can be seen in Figure 5.  

The glass transition temperature of the standard ABS filament is about 90°C, meaning that it 

begins to soften at around this temperature [15].  ABS does not technically melt, however, until 

approximately 105°C.  A general rule of thumb for extruding ABS is that the temperature of the 

hot-end should between 230 and 240°C depending on the printer being used [15]. 

 

Figure 5. Chemical structure of ABS [30]  

As previously mentioned, the temperatures used in 3D printing are very important.  The 

good thing is that these values can be quickly adjusted both before and during printing to adjust 

for any issues that might arise in the printing process.  One unique quality of ABS is that it is 

soluble in acetone.  This has a couple of advantages that makes ABS desired among those who 

3D print.  First, it allows for the binding of multiple parts to each other.  This is accomplished by 

applying an acetone slurry to each part and then pressing them together.  When the chemical 

reaction is complete, a very strong bond is formed between the parts or components.  Also, this 

unique quality also presents the opportunity for aesthetic enhancement.  “Smoothing”, as it is 
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often referred to as, of parts printed from ABS filament can be accomplished using acetone 

vapors. 

While ABS does have its distinct advantages in some areas, Polylactic Acid (PLA) is 

becoming more and more popular in the 3D printing industry, particularly among beginners.  

PLA is a starch based plastic made from plant based materials [53].  Its chemical structure can be 

found in Figure 7.  Some of the most common sources are cornstarch, tapioca root, and sugar 

cane [15].  For this reason, it is widely accepted as the greenest material that can be used for 3D 

printing and, when it is left to break down, it reverts to lactic acid and is classified as being 

biodegradable [15].  Also, since PLA is translucent by nature, it is available in a much wider 

variety of colors than ABS as shown in Figure 6. 

 

Figure 6. Various colors of PLA filament available online [16] 

Aside from its environmental and aesthetically pleasing characteristics, it has one more 

property which makes it desirable.  PLA begins to soften and melt at 50°C and 60°C, 

respectively, values which are about 50% less than that of ABS filament [15].   

https://cdn.shopify.com/s/files/1/0635/9375/products/esun_filaments_3292f455-1309-4722-83a2-a468fc978aa5.jpg?v=1430524917
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Figure 7. Chemical structure of PLA [31] 

As a result of this, the temperature of the extruder nozzle need only be around 180-190°C 

to get the PLA into a printable state [15].  Table 1 presents a brief comparison and contrasting of 

the two most popular polymers used in 3d printing in terms of performance, quality, and 

processability. 

Table 1. Comparison of PLA and ABS properties and qualities in 3D printing [17] 

 

 

http://www.intechopen.com/source/html/45095/media/image13_w.jpg
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Due to the fact that PLA is generally associated with higher values of strength and 

material availability, the choice to use PLA for experimentation and data collection was made.  

Also, since a smaller, open-source printer was to be used, PLA proved a good choice due to 

lower emissions. 

2.3 Printing Variables 

Aside from the type of material chosen and the temperature of the extruder nozzle, many 

other parameters are associated with 3D printing.  This section will provide a general overview 

of the most basic ones.  As previously mentioned, the first step in 3D printing is designing the 

part or component in a choice design software.  There is also a large collection of previously 

designed models available on online repositories such as MakerBot’s Thingiverse, GrabCAD, or 

Sketchfab, to name a few of the most popular [18].  Regardless of how the 3D model is acquired, 

it must then be converted into a common format.  The most common filetype appendage used is 

.stl.  This is a very common file format and is compatible across most devices and platforms. 

Next, the model must be converted into the 3D printing language of choice.  The most 

common language, especially for open-source FFF type printers, is known as G-Code.  Common 

among CNC machines and programs, this code tells the target machine to move at various speeds 

and directions, adjust components to different temperatures and turn on cooling components, and 

perform various other functions [19].  Since this language can be quite complicated at times, a 

number of software packages have been developed which automatically generate G-Code files 

based on a series of inputs, or parameters.  Some manual alteration to the generated codes can be 

done with the help of guides such as that shown in Table 2.  Careful attention must be placed 

when manipulating any type of numerically controlled code, though, as to not sacrifice the 

success and intent of the program. 
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Table 2. List of some common CNC variables used in G-Code files [20] 

 

The parameters for 3D printing can be divided into 3 main categories: those associated 

with the filament, printer, and the print itself.  The filament settings and print settings are 

generally determined by material and printing equipment selection and availability.  As far as 

filament settings are concerned, the diameter and temperature of the hot-end are the main driving 

factors.  For printers equipped with a heated bed, that temperature can also be specified in most 

softwares to help with the adherence of the first layer.  Also related to that point, some printers 

present the option to differentiate the first layer temperature and that of the rest of the print.  

Again, this can be adjusted per print or per material to ensure the proper deposition of the all-

important first layer.  In terms of printer settings, the user can input parameters such as the 

nozzle diameter, bed dimensions, and the rate of extrusion/retraction of the filament to name a 

few. 

The main focus of this section is the print setting category which contains all of the 

parameters of the actual 3D printed model.  The first and main parameter in any layer-by-layer 

printing process is the layer height.  This parameter is self-explanatory and is directly related to 
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the diameter of the extrusion (ref Figure 3).  Another very important input for consideration is 

the speed of the nozzle.  Even if the temperature is set correctly, problems can still occur during 

the process and this is commonly the culprit.  Too fast and not enough material will be laid 

down.  Too slow and too much may be laid down resulting in a taller first layer than desired.  If 

either of these occur, the print will more than likely experience problems and may need to be 

cancelled and the settings reevaluated. 

In terms of the printing process, each layer consists of two main parts: the perimeter and 

the infill.  The perimeter defines the outer boundary or “shell” of the part and can be as thick or 

thin as the user desires.  Not only does this provide the look of the outside of the part, but it also 

provides the outer scaffolding which serves the purpose of holding the part together.  While 

some parts are printed hollow, doing so would make no sense for structural parts, especially 

when weight is of less concern as in the case of the printing of plastic components.  To give the 

parts more structural resilience, infill is added to the interior of the part on the inside of the 

perimeter.  Simply put, infill can be defined as a value, usually represented in a percentage, that 

dictates how much a solid model should be filled in with material when printed [22].  Many 3D 

printing software packages possess a number of potential options and combinations of infill 

which can be chosen.  There are several considerations that the user must take into account when 

choosing an infill pattern: object strength, time and material, and simply personal preference 

[21]. It can be inferred that a more complex pattern will require more moves, and hence take 

more time and material [21].  Two main options exist when choosing an infill: geometry and 

percentage.  A visual representation of this can be seen in Figure 8. 
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Figure 8. Infill patterns at varying densities 

Left to Right: 20%,40%,60%,80%. Top to Bottom: Honeycomb, Concentric, Line, Rectilinear, 

Hilbert Curve, Archimedean Chords, Octagram Spiral [21]  



 

20 

 

To give the parts a more isotropic structure throughout, the orientation of the infill pattern 

with respect to each layers differs in some of these geometrical types.  A good example of this 

can be seen in Figure 9. 

 

Figure 9. Muti-layer illustration of various geometrical infill shapes (20% infill) [21]  

As can be seen, the orientation of each layer of infill alternates until the desired part 

height is reached.  Figure 9 also shows how the perimeter and infill become mated for each of 

the geometric options presented.  In this case, 3 perimeters or shells and 20% infill was specified 

for the printing process. 

2.4 Structural Testing in Engineering 

Structural or mechanical testing in engineering can generally be divided into two 

categories: destructive and nondestructive.  Nondestructive testing, or NDT, refers to a “wide 

group of analysis techniques used in science and industry to evaluate the properties of a material, 

component, or system without causing damage” [23].  Because NDT does not permanently alter 

the component being “tested”, or inspected for lack of better terminology, it is highly valuable in 

the industry.  It allows for the inspection of parts already in service and the information can lead 

to time and money savings and can yield data which can be very valuable in product evaluation, 

troubleshooting, and research [23].  Some of the more common NDT methods include ultrasonic 
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(ref. Figure 10), magnetic-particle, and radiographic testing [23].  All of these methods are 

important in controlling product quality and ensuring in-service parts maintain their structural 

integrity over time. 

 

Figure 10. Ultrasonic testing equipment [24] 

 Destructive testing, also going by the term Destructive Physical Analysis (DPA), is a type 

of test which is carried out until the specimen fails in some manner.  The data acquired is these 

tests is generally more easily obtained, can yield more information, and can be much easier to 

interpret than nondestructive test data [25].  Destructive testing is particularly popular among 

parts or product which have been mass-produced due to the fact that little will be lost but much 

can be gained through the destruction of one specimen.  Destructive testing can be used in order 

to determine mechanical properties such as strength, toughness, and hardness [26].  This can be 

accomplished through stress, impact, and hardness tests, respectively. 

2.4.1 Tensile Testing 

One very popular form of destructive stress testing is tensile testing.  Tensile tests are 

performed for several reasons and the results obtained are used to help in the material selection 
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process in engineering applications [27].  The main concern of any material is usually its 

strength.  Tensile tests can be done to see how a part/material behaves up to certain point of 

stress or plastic deformation or to simply test the limits of a material by taking it to ultimate 

failure.  Some of the more important topics associated with tensile testing will now be explained. 

At the root of any tensile test are the specimen and test machine. These of course vary 

from application to application but some general formalities are present in their structure and 

function.  Figure 11 shows the general concept of a tensile test specimen [28].  Commonly 

referred to in industry as a “dog bone”, the shape of the specimen is very important to its 

function.  To start, each specimen is equipped with a grip section on each end which provides 

sufficient material for the machine to effectively apply the force.  

 

Figure 11. Typical test specimen used in tensile testing [28] 

 These two grip sections are connected by a narrower section frequently referred to as the 

reduced or gage section.  The cross-sectional area of the gage section is reduced relative to that 

of the rest of the specimen to ensure the deformation and failure will be localized in the middle 

section [27].  The difference in length between the gage and grip sections, referred to as the 

“shoulder area” in Figure 11, should be designed to be great enough so that the grip ends do not 
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constrain deformation within the gage section [27].  This complicates the stress state, making it 

more complex than simple tension, and requiring more complicated post-processing techniques 

[27].  After the specimen type, material, and shape has been determined, testing can ensue in a 

machine such as shown in Figure 12. 

 

Figure 12. Schematic of a typical universal tensile test machine [29] 

 The most common testing machines are referred to as “universal testers” meaning they 

can test materials in tension, compression, or bending [27].  One of the more common ways of 

moving the crosshead, the component which results in the actual load application (ref. Figure 

12), is by means of a hydraulic system.  Hydraulic testing machines are based on either a single 

or dual-acting piston that moves the crosshead up or down [27].  Hydraulic based machines are a 
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popular choice in the industry due to the fact that they are more cost-effective and are capable of 

generating higher forces [27].  The primary accomplishment of any tensile testing machine, 

regardless of the method of force/moment application, is most commonly the development of a 

stress-strain curve.  While the shape varies for each material and part that is tested, Figure 13 

shows the typical shape of a stress-strain curve. 

 

Figure 13. Typical shape and important points/areas on a stress-strain curve [32] 

 Nearly every stress-strain diagram begins with a straight line up to a point known as the 

proportional limit [33]. The slope of this line can be simply and geometrically defined as the rise 

over run or stress over strain.  This relationship is commonly known as Hooke’s Law which is 

shown by Equation 1. 

𝜎 = 𝐸𝜖                                        (1) 

In this equation, sigma (σ) is representative of the stress and epsilon (ε) represents the strain.  

“E” used in this context refers to a value called Young’s modulus which is a property unique to 
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each material.  After the yield point is reach on the diagram, Hooke’s Law is no longer valid 

resulting in curved lines on the diagram.  From here, the material is stretched until a maximum 

stress value is reached (known as the point of ultimate strength).  After this, fracture is generally 

imminent until rupture occurs.  To revisit some important basics, reference Equations 2 and 3. 

𝜎 = 𝐹/𝐴𝑜        (2) 

𝜖 = ∆𝐿/𝐿𝑜        (3) 

The values associated with sigma and epsilon are stress and strain, respectively, as 

previously noted.  In terms of the stress equation (Eq. 2), F represents a force value and Ao the 

initial cross-sectional area of the gage or “reduced” section (ref. Figure 11).  In Eq. 3, ΔL 

represents the change in length (L- Lo), where Lo fundamentally represents the initial gage 

length.  Data obtained from tensile testing usually results in the tensile force being recorded as a 

function of the increase in gage length [27].  The problem in plotting tensile force vs tensile 

elongation is the fact that the specific specimen dimensions are not taken into account.  For this 

reason, force-elongation data sets are often converted to stress and strain ones giving the data the 

ability to be plotted virtually independent of specimen dimensions [27]. 

 When a solid material is subjected to small stresses, the bonds between its atoms are 

stretched [27].  When the stress is removed, the material’s bonds are able to relax and the part 

returns to its original shape.  This reversible deformation is called elastic deformation [27].  A 

good example of this is a rubber band.  The deformation of a rubber band is considered entirely 

elastic meaning that after the pulling force is removed, it returns to its original shape and length.  

At higher stresses, however, planes of atoms often slide over one another resulting in what is 
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called plastic deformation [27].  By definition, this simply means that after the load is removed 

the material will not return to its original shape.   

The desire to obtain useful data is very important due to the fact that tensile testing is 

usually carried out until failure.  That being said, many factors must be considered when 

performing a tensile test.  These include, but are not limited to: 

 Sample selection 

 Sample preparation 

 Test set-up 

 Test procedure 

 Data recording and analysis 

 Reporting 

The need for standard test procedures in tensile testing is very apparent.  That is where 

organizations such as ASTM, or the American Society for Testing and Materials, play an 

important role.  The rest of this report will focus more specifically on the tensile testing of PLA 

3D printed parts using this qualified testing method. 

2.4.2 ASTM D638 

Defined as the “Standard Test Method for Tensile Properties of Plastics”, this method 

seemed to be the most applicable to the intent of this study.  This standard is one of the most 

common plastic strength specifications and covers the tensile properties of both unreinforced and 

reinforced plastics [35].  Widely adopted and revered, this standard has been approved for use by 

agencies of the Department of Defense [36].  Regardless of the type of plastic, this method 

standardizes many aspects of the testing process including the test procedure which can be 

summed up in the following steps. 
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First, the samples must be cut, injected (or also printed in this case) into one of the five 

typical “dumbbell” shapes.  While the overall shapes are similar, the specific dimensions are 

dependent upon the material’s rigidity and thickness [35].  Figure 14 shows an excerpt from the 

official ASTM handbook for this specification.  Every parameter needed either for the machining 

or designing and printing can be found in the table. 

 

Figure 14. ASTM D638 Specimen Dimensions [35] 

After the samples are either printed, machined, or cut, some inspection must be done to 

ensure there are no defects in the specimen.  Since this could greatly affect the results of the test, 

these flawed specimens should be discarded.  The standard recommends specimen be examined 

under a polariscope, a small manual type of microscope, to ensure their integrity [36].  Once the 
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desired number of specimen have been approved from a quality control perspective, each one is 

carefully loaded into the tensile grips of the desired testing machine.  There are many different 

types of grips, but all perform the same general function.  The most important part of this step is 

to ensure the sample is loaded symmetrically, with respect to both the vertical and horizontal 

specimen axes.  This will prevent any undesired twisting and will reduce the stress state down to 

just simple tension.  Next, the standard recommends that an extensometer be applied to the 

sample, particularly when measurements related to the Poisson’s ratio are targeted [35]. 

Now the actual testing procedure can begin.  The speed at which the grips or test fixtures 

should separate is determined by a table similar to Table 3.  A general rule of thumb is to use a 

speed which causes the material to rupture within ½ to 5-min testing time [36]. 

Table 3. ASTM D638 designations for speed of testing [36] 

 

The test is complete after rupture occurs.  The specimen should then be removed and any 

unique characteristics about its behavior noted.  The test process then repeats for the desired 

number of tests and different materials under investigation.  An organized means of data 



 

29 

 

collection, usually by means of a folder system on a computer, is very important.  This data will 

be used in the next step. 

After all of the testing has commenced, the post-processing of the data can begin.  This 

includes both graphically and numerically comparing the tests to see any consistencies or trends.  

Depending on the access to and availability of various supplementary instruments, all of the 

following values can be obtained from an ASTM D638 tensile test: 

 Tensile strength 

 Percent elongation 

 Percent elongation at yield 

 Percent elongation at break 

 Nominal strain 

 Nominal strain at break 

 Modulus of elasticity 

 Secant modulus 

 Poisson’s ratio 

In regards to convenience, many of the testing machines are now paired with compatible 

softwares which have the ability to calculate a number of these parameters, some in real time. 

2.5 Previous Studies 

Since the technology used in 3D printing is still considered somewhat new, much testing 

is currently being done in terms of both industrial and home based printers concerning part 

strength and consistency.  A great deal of focus, especially considering the FFF/FDM printing 

technique, has been placed on testing and examining the effects of what is called the raster 

direction of the filament extrusion.  The raster direction of a printed part can be defined as the 
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angle at which the filament extrusion is printed with reference to some axis.  More technically 

known as “raster angle”, this concept is illustrated in Figure 15. 

 

Figure 15. Pictorial representation of raster direction [37] 

 One particular study done by a group of researchers belonging to the University of 

Florida’s Mechanical and Aerospace Engineering Departments looks into just that.  This paper 

begins with a basic introduction of the general fused deposition modeling (FDM) technique and 

summarizes some of the basic steps in 3D printing.  The materials tested were polycarbonate 

(PC) and ABS plastics.  All samples were printed on open-source printers with the independent 

variable being the raster direction.  Since the nozzle/extruder usually traverses along the x-axis 

on the typical open-source, desktop printer, it is often easy to alter the raster direction by simply 

rotating the 3D model on the bed before sending the print command to the printer.  Figure 16 

shows how the individuals conducting the study accomplished this feat.  It shows how the 

various parts were rotated about both the vertical and horizontal print axes before printing. 
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Figure 16. Graphical representation of printer bed and raster orientations [38] 

The data collected in the study yielded stress-strain diagrams similar to that shown in Figure 17. 

 

Figure 17. Illustration of the relevant tensile stress-strain properties evaluated during the study 
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 All of these parameters have been previously explained in this paper with the exception 

of the strain energy density.  As seen in Figure 17, this can be calculated by finding the area 

under the stress-strain curve and is a calculation of the internal strain on the sample as a result of 

the externally applied tensile force.  As a result of their testing, stress-strain curves were able to 

be formulated with respect to each raster orientation. Figure 18 shows these results for the ABS 

samples in particular.  It was noted that for each orientation, an average value was taken across 

the sample size to produce one curve for each raster orientation.  As can be seen, the data is 

reasonably correlated which means that the raster orientation does not greatly affect the shape of 

the stress-strain curve. 

 

Figure 18. Stress-strain curves of ABS samples at various raster orientations [38] 

Table 4 presents a summary of the values obtained from the graphs for a closer 

comparison.  The study concluded that the ABS specimen were isotropic in nature when 

comparing Young’s modulus and Poisson’s ratio.  A small degree of anisotropy was seen when 

examining the rest of the parameters.   
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Table 4. Calculated tension properties for the ABS specimen tested [38] 

 

Another study posted on 3DMatter.com did a similar study but introduced several more 

independent variables for comparison.  The key parameters of the study were infill pattern, infill 

percent, and layer height [39].  In the main body of the study was a detailed description of the 

influence these parameters had on the max stress, elongation at break, rigidity, and yield stress.  

The samples tested were made from PLA and printed using the FDM printing technique, 

allowing direct parallels to be drawn.  Before testing, a point of reference was given in terms of 

the strength, elongation at break, and Young’s modulus.  These baseline values can be found in 

Table 5 and are typical for PLA parts which have been injection molded. 

 

 

 

 



 

34 

 

Table 5. Selected characteristics of injection molded PLA material[39] 

 

 The study goes on to evaluate the effects that the infill pattern, percent, and layer height 

had on these parameters in term of mechanical performance.  Since the main interest for the 

research in this study was based on the geometric pattern of the infill, their results were of great 

interest.  Their conclusion was that “Linear, Diagonal and Hexagonal patterns show fairly 

equivalent performance” [39].  The rest of this paper will present an attempt to take a closer look 

at how the geometric pattern might affect the mechanical properties of a series of 3D printed 

samples.  The second study reviewed also showed that as the infill percent increased, the 

isotropic nature of the samples also increased.  This is an important conclusion and supports the 

fact that the data acquired in the laboratory should be accurate considering the parts were only 

going to be analyzed in one direction. 
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CHAPTER 3 

EXPERIMENTAL METHOD 

 

 

3.1 Print Process Overview 

Even though there are many factors that contribute to 3D printing, most open-source 

printers require many of the same common steps.  The first step, as previously mentioned is to 

design the part/specimen in a CAD program.  From there, the file must be either saved or 

converted into the .stl file format.  Most design softwares are capable of saving parts in this 

format.  Next, this .stl file is exported and opened in one of a multitude of available slicing 

programs.  The goal of the slicing program is to split, commonly referred to as “slice”, the 3D 

part into the desired number of layers.  It is in the slicing program that the user is able to specify 

the layer height, print speed, extrusion width, and the various infill parameters.  A successful run 

through the slicing program produces a .Gcode file.  This file can then be read by a selected 

printer interface program.  This is the program that communicates the code to the printer and 

controls the extruder nozzle temperature and provides monitoring data for when the printing 

process takes place.  A more detailed explanation of this process including all relevant softwares 

chosen will be described in the following sections. 

3.1.1 Specimen Design 

As previously mentioned, the dimensions of the specimen to be used are dictated by the 

desired or pre-existing sample thickness. Most 3D printers have a default layer height of .3 mm.  

To give a relatively round number, it was determined that the samples be 15 layers tall resulting 

in a total specimen thickness of 4.5 mm. According to the ASTM D638 standards (ref. Figure 

14), it is recommended to use the Type I dimensions. 
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Figure 19. Dimensions used for 3D printed specimen [40] 

In addition to these dimensions, the table also specifies a gage length of 50 mm and that 

the distance between grips should be 115 mm.  Since most of my experience is in CATIA [41], 

this was my program of choice for the computer design phase.  For anyone familiar with CATIA, 

the design of a part such as this is very straightforward.  First, a sketch constrained by the 

dimensions given in Figure 19 was constructed the in Sketcher workbench.  After fully 

constrained, this sketch was then extruded up to the proper height through use of the Pad 

function. The completed 3D model can be seen in Figure 20. 

 

Figure 20. ASTM D638 Type I 3D model designed using CATIA V5 R20 [41] 
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3.2 3D Print Preparation 

As previously mentioned, the 3D model must be converted to the .stl file format.  

Fortunately, CATIA possesses the ability to save designed parts into this format.  From there, I 

imported the .stl file into Slic3r [21].  Slic3r is considered an open source program meaning that 

anyone can theoretically inspect, modify, and enhance the source code [42].  Such software is 

very common especially in home-based 3D printing due to the large online community of 

builders.  Open source software designs allow users to collaborate to produce programs that 

more closely mimic their desires.  Most of the default values in the software are a good starting 

place for basic printing.  For the samples, the layer height was changed to 0.3 mm and the infill 

(fill) density to 15%.  Concerning the 15% samples, the independent variable was the fill pattern 

(geometry).  An example of the results of this can be seen in Figure 21.  The patterns chosen for 

analysis were rectilinear, diamond, and hexagon (referred to as honeycomb in the software).  

Also, for a baseline comparison, a sampling of solid prints was introduced.  This was 

accomplished by simply setting the infill to 100% which naturally defaults to the rectilinear infill 

pattern. 

 

Figure 21. Slic3r representation of sample after slicing (rectilinear pattern) [21] 



 

38 

 

 After all of the settings were input correctly, the slicing could begin.  The result of the 

slicing process is a file containing all of the information needed to print the part, also known as a 

.Gcode file. 

Next, the .Gcode file generated by Slic3r was saved and imported into another program 

called Repetier-Host [43].  As previously mentioned, this software is necessary because it 

directly communicates with the printer.  Upon importing the .Gcode file, another visual 

representation can be seen in  the form of a 3D generated model.  One advantage of Repetier-

Host is that, upon import, it can detect if there are any issues in the design of the part that may 

compromise the printing process.  It also includes a very user friendly interface which the user 

can use to monitor various printing temperatures, fan speeds, and feedrates.  It also calculates the 

amount of filament needed in linear millimeters and estimates the projected printing time.  A 

summary of these values can be found in Table 6. 

Table 6. Print times and filament usage summary 

 

Repetier-Host also has a 3D preview function to ensure the Gcode was correctly 

generated.  It also calculates the entire filament path.  Figure 22 shows a snapshot of each type of 

infill as generated in the 3D viewer. 
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Figure 22. Various infills of my samples courtesy of Repetier-Host's 3D previewer  

from top to bottom: rectangular, diamond, honeycomb, solid (all at 15% infill) [43] 

 

The last very important parameter to be established before the print process begins is the 

extruder nozzle temperature.  A general starting place for the extrusion of PLA filament on an 

open-source 3D printer is 215°C.  The printer bed was also covered in blue painter’s tape to 

ensure the proper adhesion of the first layer.  Not only has then been discovered within the 

printing community to be an effective way to increase first layer success but this also added 

convenience when the samples were removed from the bed. 
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3.3 Printing Process 

As previously mentioned, PLA filament was the material of choice for this study.  

Several factors contributed to this decision including material availability, ease of printing, and 

reduced emissions in the form of breathable vapors.  Most commonly, the filament used in 3D 

printing is purchased online from sources such as Amazon.com.  Doing so presents a couple of 

distinct advantages.  For one, the prices are usually cheaper which is a main advantage of parts 

printed using plastic in the first place.  Secondly, many customer reviews are available on each 

brand and type of filament which can be helpful in the choice process.  After considering these 

two factors, filament from a company called Hatchbox (through Amazon) was purchased (ref. 

Figure 23).  This filament was able to be immediately used in my printer without any further 

purification.  The printer chosen for this study was the Makergear M2 (ref. Figure 23).  This is 

considered a middle of the line desktop 3D printer and was purchased from Amazon as well.  It 

came fully assembled and required very little intial setup/adjustment before printing could begin. 

 

Figure 23. Makergear M2 Printer and Hatchbox filament used for testing [44] 
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The first important step in the actual printing process is filament feeding.  This is 

accomplished by heating the extruder/hot end and slowly feeding the filament, by hand at first, 

until it reaches the gear box drive.  After this, Repetier-Host’s manual commands can be used to 

extrude the filament to ensure it is flowing and feeding correctly.  After this, the print command 

can be executed from the Repetier-Host interface. 

Three samples of each geometrical shape were printed for testing.  One advantage of 

some open source 3D printing softwares is that multiple parts can be arranged on the same bed.  

Doing so can save a lot of time and also limits the role certain external factors such as ambient 

room temperature and filament quality can play in the printing process.  Figure 24 shows a photo 

taken during the printing of the second rectangular shape infilled sample. 

 

Figure 24. Picture of printing process 

3.4 Print Results/Quality Control 

The ASTM D638 standard describes the importance of quality assurance verification of 

samples before testing.  A visual inspection was done on each of the samples to check for any 
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filament delamination issues or any other flaws in the structures.  One of the rectangular samples 

was discarded due to an issue known in 3D printing as “layer shift”.  This occurs when the 

successive layers are not properly printed directly on top of one another.  Only one reprint was 

needed, as all of the other samples passed the initial visual inspection.  Next, a set of digital 

calipers were used to measure the final dimensions of each specimen as shown in Figure 25. 

 

Figure 25. Digital caliper measurement of the gage section width of rectangular specimen #2 

After measuring three of what were deemed to be the most important dimensions for each 

sample to be tested, the results could be quantified.  Tables were used to collect and organize this 

data.  The individual measurements as well as average values for each measurement per infill 

configuration and the calculated deviation values can be found in  
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Table 7, Table 8, and  

, respectively. 

 

 

 

 

Table 7. Digital caliper measurements of various printed specimen dimensions 

 

 

Table 8. Average values for each measurement per geometrical infill shape 

 

 

Table 9. Standard deviation values for the measurements 
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3.5 Tensile Testing 

After printing, access was gained to the MTS Criterion Model 45 universal tensile testing 

machine on campus.  Equipped with the MTS TestWorks 4 software [45], this machine is 

capable of measuring and relaying the data to a computer where it can be saved and analyzed.  

After loading the MTS Tensile test configuration, some important parameters had to be adjusted 

to ensure the test aligned with the guidelines dictated in ASTM D638.  This included a test speed 

of 5.0 mm/min (initial speed was set to 2.0 mm/min) and a data acquisition rate of 5.0 Hz to 

ensure a proper number of data points.  Also, the gage width and length were changed in the test 

procedure parameters to properly reflect the designed-to specimen dimensions.  After initializing 

the software, the specimen were ready to be loaded into the machine.  The first step was to place 

the machine into “manual control” mode by pressing the unlock button on the keypad shown in 

Figure 26 (b).  Using the directional arrows, the upper grip is then moved away from the lower 

until there is enough clearance for the specimen to be inserted. 
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Figure 26. (a) MTS Criterion 45 grip configuration (b) manual control keypad 

 Next, the specimen is placed carefully into the lower grip.  With “manual mode” still 

activated, the upper grip is then lowered until the upper specimen grip area is sufficiently 

covered by the grip wedge.  As previously mentioned, the proper alignment of the specimen is 

extremely important due to the fact that, for a tensile test to be completely accurate, the specimen 

must be, by definition, subjected to only tension along its vertical axis [54].  Once the specimen 

is properly aligned, the machine grips can be tightened.  Since the MTS Criterion 45 is equipped 

with wedge grips, example “D” in Figure 27 corresponds to how the specimen were gripped in 

the experiment portion of this study. 

 

Figure 27. Various grip techniques used by tensile testing machines [46] 

After properly aligning and securing a specimen, the testing machine was set to “machine 

control” mode, meaning that it was subject to the commands of the software and not the keypad.  

As part of the experiment, a video camera was set up in order to record the elongation and 

eventual fracture of each specimen.  One video from each will be shown in the 

multimedia/defense portion of this report.  Once the camera and software was initialized, the 
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testing was started by the software.  Each specimen was tested until failure and the data was 

exported from the software for post processing.  The software is able to graph and calculate 

certain mechanical properties in real time as the testing occurs.  A screenshot from the first 

rectangular infill test can be seen in Figure 28.  A screenshot similar to this was taken after each 

test to compare the results of the program to the chosen excel post processing methods. 

   

Figure 28. Typical TestWorks 4 screenshot [45] 

After failure, the machine automatically ended the application of the load and returned 

the grips to a separation distance near that of the beginning of the test.  This process was 

repeated a total of 12 times (three samples of each of the four geometrical configurations). 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 

4.1 Tensile Test Results 

Two types of analysis were performed based on the results of the tensile tests.  Aside 

from simply video recording the fractures, time was also taken to note any unique behaviors 

associated with the fracture mechanisms of the specimen post-fracture.  Photos were taken post-

fracture in order to more closely see the properties of the break.  This is a common step in 

nondestructive testing and can prove very important in predicting the behavior of the material.  

Also, in order to compare the geometrical configurations of infill, a series of calculations were 

performed in excel based on the load-elongation data obtain by the TestWorks software. 

4.1.1 Visual Examination of Fractures 

The following sections show photos of each geometrical shape of infill along with a brief 

discussion.  The discussion is simply an analysis of the fracture and is not meant to make any 

correlations to the performance of the specimen.  That will be done in the Data Acquisition 

section.  Each figure set presented consists of three photos of consecutively increasing levels of 

magnification. 
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4.1.1.1 Rectangular Infill 

This particular specimen was the only one to exhibit a line of fracture parallel to that of 

the axis of the applied load.  In this instance, the specimen began yielding on the what is the 

bottom perimeter with respect to how the figures are oriented within the Figure 29 set.  The 

entire perimeter did not fracture at first, however, and the crack began propagating internally.  

After traveling upwards (toward the upper head, right in the figures), the crack then began a 

transverse trajectory until it reached the other side.  The last location to fracture was the bottom 

perimeter.  In terms of the fracture mechanics/mechanisms in the “z” print direction (into and out 

of the paper in the figures), no two layers seemed to have yielded in exactly the same distance 

along the length of the specimen.  This shows that the plastic deformation was not completely 

localized to the fracture line but extended into the scaffold structure about 3 mm in each 

longwise direction in this case. 

In terms of the individual filaments in this case, it can be said that only 50% of the 

internal fibers are oriented in the direction of the axis of the applied load.  Since a consistent 

perimeter width was used for each of the samples, the performance of the internal shape (infill) 

can be accurately isolated in this manner.  For lack of more technical terminology, a series of 

interdispersed small snapping sounds were heard during the loading.  This was the sound of the 

individual filaments breaking after reaching their maximum tensile stress values. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 29. Visual examination of fracture for rectangular specimen #2 
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4.1.1.2 Diamond Infill 

This specimen exhibited a behavior that was common among the diamond shaped infill 

samples.  As can be seen in Figure 30 (a), the specimen did not remain completely straight 

during the loading which was interesting.  The crack is this case started in what is now defined as 

the bottom perimeter as well.  As can be seen in Figure 30 (b), the crack appears to have 

propagated in a zig-zag direction laterally across the width of the sample.  Figure 30 (c) shows a 

much more disorganized break when compared to the rectangular sample.  A number of stray 

filament strands can be seen even up to about 5 mm into the internal structure.  This can lead to 

the conclusion that the permanent deformation was the least localized for this shape of infill. 

The twisting of the sample on a plane parallel to that of the load path can be possibly 

explained by the fact that the direction of the internal load path appears to have changed 

direction a number of times throughout the time under load.  This type of behavior would cause a 

differential in the stress at different locations along the length of the specimen causing the twist. 

In terms of the individual filaments in the case of the diamond shaped infill, it can be said 

that all of the internal fibers contributed to resisting the load by a factor of √2/2, equal to both 

the sine and cosine of 45 degrees.  Due to this angled orientation of the internal voids, it can be 

seen in the figures that the diamond shapes appear to have elongated slightly over a small portion 

of the length of the specimen centered along the line of fracture. 
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(a) 

 
(b) 

 
(c) 

Figure 30. Visual examination of fracture for diamond specimen #1 
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4.1.1.3 Hexagonal (Honeycomb) Infill 

The honeycomb infill consistently provided the cleanest fracture of the 15% infilled 

parts.  Also of note is that the breaks in the honeycomb samples occurs more consistently near 

the midline of the overall specimen length, which can be most clearly seen in Figure 31(a).  In 

the case of this specimen, it was unclear as to exactly where the fracture began.  Once the 

fracture was underway, however, it happened much quicker than the two which have been 

previously discussed.  Also of note is that the apparent internal load path (i.e. fracture line) 

appears to be fairly straight even if at a small angle relative to the ends of the grips.  The fracture 

properties in terms of the “z” print direction (into and out of the paper) appeared to be much 

cleaner and more localized than both the rectangular and diamond shaped infills.  This was 

interesting due to the apparent disorganization of each layer with respect to one another in terms 

of the alignment of each hexagon shape. 

The fracture of the specimen was also considerably louder than the aforementioned ones.  

The specimen utilizing the honeycomb infill also exhibited the most localized fracture with 

respect to the length of the samples.  In terms of the internal voids near the break, it can be 

observed that they did elongate in the longitudinal direction, albeit slightly.  This can provide 

some insight into the strain characteristics of this shape of infill which will be discussed in the 

results section. 
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(a) 

 
(b) 

 
(c) 

Figure 31. Visual examination of fracture for honeycomb specimen #2 
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4.1.1.4 Solid Infill 

 

The last set of samples tested were the solid printed ones.  By far the cleanest breaks 

occurred in the solid parts.  A magnified image of the typical break can be seen in Figure 32(c).  

When comparing all three samples, the location and characteristics of the breaks were much 

more consistent than the parts printed with 15% infill.  One thing of note from a visual inspection 

is that the break closely resembles that which is common of a brittle material meaning that very 

little plastic deformation is present around the fracture.  This test took a considerably longer 

amount of time and was much more intense in sound.  A close look at Figure 32 (c) reveals the 

individual paths of extrusion.  The perimeters and infill can also be distinguished in this case. 

 As mentioned previously in this report, the main intent of testing and analyzing the solid 

infilled specimen was to be able to compare them to a baseline of expected values.  This was 

done to check the validity of analyzing 3D parts in the same manner as parts produced through 

more convention means.  There is much skepticism concerning exactly how “solid” parts printed 

at 100% infill actually are, especially when a desktop printer is used for production.  Examining 

the cross section at what can be considered a random place in terms of the overall length of the 

specimen shows no visible gaps or internal voids.  This is important because it verifies that the 

baseline used was very close to, if not fully, 100% infilled. 
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(a) 

 
(b) 

 
(c) 

Figure 32. Visual examination of fracture for solid specimen #3 
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4.1.2 Data Acquisition 

In order to properly compare the experimental tests of any kind, the results must be 

quantified in some way.  In this day, this is most commonly accomplished using a spreadsheet 

software such as Microsoft Excel.  Not only is it a very powerful tool for performing 

calculations, it can also produce graphs from the data.  As previously mentioned, the tensile 

testing machine was connected to the TestWorks 4 software.  For each test, a screenshot was 

taken of the software’s interface and two other files were saved.  One of these files was a .mss 

file which is a format native to the program.  This was saved so that any test or combination of 

tests could be reopened in the software at a later time in order to view the data or draw some 

quick comparisons.  The other file was a .txt file containing the test method, sequence number, 

and values for load (Newtons) and extension (millimeters).   The text files were imported into 

Microsoft Excel for post-processing.  The methodology used to produce the various charts and 

calculated values presented later will be discussed in the forthcoming paragraphs. 

Since one objective of this study was to estimate values such as the modulus and tensile 

strength, creating a stress vs. strain curve was inevitable.  The strain was calculated by dividing 

the extension value at each data point by the gage length to be conservative (refer to Equation 3 

of Section 2.4.1).  By Equation 2 then, the stress could be calculated by dividing the load at each 

successive time increment by the cross-sectional area of the gage section.  One important note 

from this step is that, for the specimen that were printed using 15% infill, the cross-sectional area 

was multiplied by a factor of .15 to compensate for this lack of material.  This process was 

repeated for each sample of each geometrical configuration.  Stress vs. strain curves could then 

be plotted for each test specimen. 
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Once these plots were complete, the calculation of values similar to those in the list in 

Section 2.4.2 could begin.  In particular, the following values/properties were determined as 

target properties for evaluation: 

 Modulus 

 Yield Stress 

 % Elongation at Yield 

 Ultimate Tensile Strength (UTS) 

 Total % Elongation 

 Strain at Break/Fracture 

The first value calculated was the modulus.  Commonly referred to as Young’s Modulus 

or simply the elastic modulus, this value is equivalent to the slope of the proportional portion of 

the stress vs. strain curve.  An illustrated example of this is shown in both Figure 13 and Figure 

17.  The task was to find the limit of proportionality and the corresponding stress and strain 

values.  This was accomplished through estimating decreasing various values of slope until the 

straight line overlapped the graphed data.  One instance of this is shown in Figure 33. 
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Figure 33. Example showing modulus calculation methodology 

The modulus could then be calculated by dividing the stress (y-value) by the strain (x-

value).  It is of important note that, for the specimen printed at 15% infill, this can be considered 

an effective modulus as it takes the infill percentage into account.  The results of this and what it 

means in terms of the 15% infilled part’s mechanical properties will be discussed later. 

The next calculation done required finding the effective yield point of each stress vs. 

strain curve.  This is usually accomplished through the .2% offset method.  In this method, a line 

parallel to the linear portion of the curve (i.e. having a slope equal to the Young’s Modulus) is 

drawn at an x-intercept equal to .2% of the total strain value.  An example of this methodology is 

shown in Figure 34 using the third diamond infill sample again for consistency. 

 

Figure 34. .2% offset method for determining the yield point 

The stress value at the intersection of this newly constructed line and the original data set 

gives the value of yield stress, also called yield strength.  Once the point of yield had been 

estimated, another value could be calculated, percent elongation at yield.  This study’s definition 
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of the reported percent elongation at yield can be simply described as the percent the sample had 

already elongated (with respect to the total length) when this yield point was reached. 

The ultimate tensile stress (UTS), commonly just called the ultimate tensile strength is 

simply defined as the maximum value of stress the sample was able to achieve.  This was easily 

determined by simply finding the maximum stress value in each data set.  Next, the percent 

elongation was calculated.  This was accomplished by dividing the total extension by the 

distance between the grips which is considered conservative.  The final value determined was the 

strain at the point of fracture/break.  This can be considered equal to the maximum value of 

accumulated strain when the stress vs. strain diagrams are looked at intuitively.  The following 

sections show a summary of these calculations for each geometrical infill.  Each section contains 

a table of average values calculated based of the three samples of each shape and a stress vs. 

strain diagram containing all of the tests. 
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4.1.2.1 Solid Infill 

 

Figure 35. Stress vs. strain diagram for solid infill tested specimen 

 

As previously mentioned, the parts printed with 100% infill exhibited behavior closely 

resembling a brittle material.  The values measured by the computer software were also the most 

consistent for this infill configuration from test to test.  The stress vs. strain relationship was very 

linear in this case for a large portion of the graph as can be seen in Figure 35.  This leads to the 

conclusion that the stress (load) is very close to directly proportional to the strain (elongation) for 

solidly 3D printed parts. 
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4.1.2.2 Rectangular Infill 

 

Figure 36. Stress vs. strain diagram for rectangular infill tested specimen 

 

The parts printed at 15% infill with a rectangular configuration exhibited behavior more 

closely resembling that of a ductile material.  This is interesting because the same type of 

material (PLA plastic filament) was used in all 4 cases of different infill configurations.  The 

main difference is that the effective “loss” in cross-sectional area is directly related to the density 

of the structure.  Tests 1 and 3 yielded nearly identical data up until the point of ultimate tensile 

stress (ref. Figure 36).  The test 3 specimen then failed soon after, while the test 1 specimen was 

able to resist much longer.  Test 2 showed a bit less consistency in behavior as represented by a 

slightly fluctuating (less smooth) line.  While this could have been corrected through some 

method of data smoothing, the raw data was used to show the exact results.  One possible 

explanation for this wavering line could be that the fibers either moved slightly internally or 

simply resisted the applied load in different manners with respect to the widths of the samples.  
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4.1.2.3 Diamond Infill 

 

Figure 37. Stress vs. strain diagram for diamond infill tested specimen 

 

 The diamond infilled samples continued the trends seen in the typical stress vs. strain 

diagram.  In terms of test by test consistency, however, this shape seemed to be the most 

inconsistent in terms of data collection.  As a results of this, unique characteristics can be seen in 

each test.  Test 2 showed the most normality in terms of the stress vs. strain relationship.  Test 1 

showed some interesting behavior around the point of about .025 mm/mm recorded strain.  As 

can be seen, a sharp dip in the recorded stress was found.  This could very well be the result of 

fiber failure within the structure.  The most important part in terms of this specimen’s 

mechanical performance, however, was the fact that it was able to recover and still reach an 

ultimate tensile stress value roughly equivalent to that of the other samples.  Test 3 showed 

relatively normal behavior up until after the maximum value of stress was accrued.  The 

specimen then showed a nearly constant value of stress until failure.  This sample showed great 

resistance to fracture as seen in Figure 37.  
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4.1.2.4 Hexagonal Infill 

 

Figure 38. Stress vs. strain diagram for hexagonal (honeycomb) infill tested specimen 

 

The parts printed with a hexagonal infill pattern yielded stress vs. strain diagrams which 

seemed to be a blend of the other three types.  In terms of the magnitudes, specifically of the 

modulus and ultimate tensile stress, the hexagonal infill outperformed the solid specimen as can 

be seen in the diagram and values in Figure 38.  The overall shape of the graphs and modulus 

value in particular were very similar to that of the rectangular samples.  Resemblances to the 

diamond shaped infill was also seen in terms of the resistance to failure.  Similar to the first 

diamond shape tested specimen, test 2 showed a sharp decrease in the value of stress at a certain 

point of strain.  This time, however, it occurred after the point of ultimate tensile stress.  This 

gives even more credit to the hexagonal configuration because it was able to recover after what 

must have been some degree of internal failure.  More qualitative data and comparisons between 

the different infill shape configurations can be found in the next section.  
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4.2 Result Comparisons 

In order to truly make comparisons between the mechanical properties of the various 

infill shapes, it was necessary to compare these results.  This was done both graphically and in 

chart form.  In terms of comparing the results to preexisting data, the values presented in Table 5 

and data from ULProspector [47] can be considered.  Figure 39 was constructed after averaging 

the three tests and using Excel’s built in data smoothing option in the form of a trendline.  This 

figure can be used in conjunction with the charts in the proceeding pages to provide two types of 

visual comparisons. 

 

Figure 39. Stress vs. Strain diagram showing an average trendline for each infill configuration 
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Figure 40. Column chart of calculated Modulus values 

 

 In terms of the modulus, the hexagon and rectangular infilled specimen yielded 

consistently higher values.  In particular, the hexagon infill showed the highest value and a 

relatively low value of standard deviation.  To quantify these results, the hexagon structure had 

an average modulus value about 64% greater than that of the solid specimen.  According to 

ULProspector.com, the modulus of “generic PLA” can be estimated to be roughly 2780 MPa 

[47].  Table 5 lists a value of about 3000 MPa which is likely more accurate due to the fact that 

the experimental means of acquiring this value involved testing injection molded PLA.  Not only 

did the infilled shape fall short of this value, the solid specimen fell well short, about 51% less 

than theoretically expected.  All of these results can give the conclusion that 3D printed PLA is 

more elastic than PLA produced through more conventional means such as injection molding.  

The complete comparison can be found in Figure 40.  
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Figure 41. Column chart of calculated Yield Stress values 

 

After correcting for the new effective cross-section due to the non-solid, 15% infill, all 

three of the patterns were found to have higher values of yield stress.  The largest value of yield 

stress was demonstrated by the hexagonal infilled specimen.  Its average value of 45.1 MPa was 

a sizable 223% greater than the yield stress of the solid samples.  The rectangular infilled parts 

showed demonstrated a yield stress value of 44.9 MPa but had a slightly greater range of 

standard deviation.  All of these relationships can be seen graphically in Figure 41.  Even the 

45.1 MPa calculated value, however, was lower than the value expected by the data from 

ULProspector.com by a factor of 29%. 

  



 

67 

 

 

Figure 42. Column chart of calculated Percent Elongation at Yield values 

 

 

Figure 43. Column chart of calculated Percent Elongation values 
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The discussion for these two charts can be combined for obvious reasons.  In terms of the 

values presented in Figure 42, these were calculated with respect to the entire length of the 

specimen and not simply a percent of the total value of yield.  Hence, to figure the percent of the 

total elongation accrued before yield, the two respective values would have to be divided.  To 

quantify these comparisons, the results of the diamond and rectangular infill configurations will 

be more closely analyzed.  In terms of the total percent elongation (ref. Figure 43), the diamond 

shape yielded the largest value, a value 107% greater than the solid baseline and even 8% larger 

than expected by ULProspector.  It is of note that the standard deviation of the three diamond 

tests was the largest of any of the configurations, but for this discussion the average values will 

be considered.  The 2.9% value of elongation shown by the rectangular specimen is just a bit 

over half the value calculated for the diamond structure. 

When looking at the chart for percent elongation at yield (ref. Figure 42), the roles were 

reversed in that the rectangular shaped infill pattern yielded a higher average value.  It can be 

concluded from this that the diamond shaped parts exhibited more elastic behavior.  This 

conclusion can be made on the basis of Figure 41 as well as it was shown that the diamond shape 

infilled specimen began yielding at a smaller value of stress.  That being said, it was able to 

elongate to a greater degree and resist failure the longest out of the infill configurations tested. 
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Figure 44. Column chart of calculated Ultimate Tensile Strength values 

 

The value of ultimate stress can be easily found on a stress vs. strain diagram by simply 

finding the maximum value.  The hexagonal infill pattern was again superior in this mechanical 

property.   With a value of 58.5 MPa, the ultimate tensile stress for the hexagonal pattern 

exceeded both that of the solid specimen and the value given by ULProspector by 36% and 6%, 

respectively (ref. Figure 44).  The ultimate stress value for the rectangular pattern came in at a 

close second and had a virtually nonexistent standard deviation which is of note.  Concerning the 

solid baseline, its value of 42.9 MPa was roughly 22% less than the value shown in Table 5, the 

values from testing injection molded PLA material. 
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Figure 45. Column chart of calculated Strain at Break values 

 

Related to a certain degree to the elongation charts and calculations, the strain at break is 

self-explanatory in its nature.  Since the data collection ended at fracture, these values of strain 

could be found quickly by taking the maximum value of stress for each test run.  It is of no 

surprise that the diamond shape configuration showed the highest value of strain at break (ref. 

Figure 45).  There was a relatively large margin of error, however, mainly due to the 

aforementioned property the diamond shape exhibited in resisting eventual fracture, specifically 

during test three.  The diamond shaped infill had a value of strain at break roughly 108% greater 

than that of the solid baseline.  This graph should obviously be used in conjunction with both the 

Percent Elongation and Percent Elongation at Yield figures, Figure 43 and Figure 42, 

respectively. 
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4.3 Computer Simulation  

As a supplementary study, a computer simulation was done using CATIA’s structural 

analysis capability.  The advantage to using CATIA is that the initial model used for 3D printing 

was already saved so it could be easily opened for analysis.  The main purpose behind this 

computer based simulation was to test the consistency of this study’s printing and test methods to 

see how relatable they were to theoretical values.  The process of computer simulation will be 

described briefly in the following paragraphs. 

The first step in any FEM based model is to define the boundary conditions.  Without 

these, the computer will have no way to calculate the state due to an undesired of infinite number 

of degrees of freedom.  Figure 46shows the model after the boundary conditions were applied. 

 

Figure 46. CATIA analysis model with defined boundary conditions 

 Since the laboratory test was based on pure tension, an attempt to replicate this case was 

the goal.  To make the analysis more straightforward in the software, the bottom/left edge of the 

model was fixed, as shown by the ground symbols in the figure.  Next, to resist any twisting or 
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other unwanted degrees of freedom, surface sliders were placed on the top and bottom surfaces 

of the part.  This reduced motion to what was defined as the x-direction in the model.  The next 

important parameter to define is the loading conditions.  Since the test to be replicated was that 

of the solid infill configuration, an average value of the maximum loads applied in the three tests 

was used in the simulation.  This resulted in a value of 2500 N being applied in the x-direction, 

over the entire surface of what would be the grip section of the specimen.  This loading can be 

seen in Figure 47.   

 

Figure 47. CATIA analysis model force definition 

It is of note that the force was applied to both the top and bottom surfaces for consistency 

and symmetry.  The next, commonly most important step in the FEM analysis process is the 

generation of an appropriate mesh.  CATIA has an automatic function which can generate a 

tetrahedral mesh of any desired size.  The size must be both small enough to capture the true 

behavior of the part but not so small as to require heavy computer processes.  The results of 

meshing the solid specimen is shown in Figure 48. 
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Figure 48. Visualization of tetrahedral mesh of part 

 The final and likely most important step in part analysis is the definition of the part’s 

material.  CATIA has a large catalog of pre-existing materials such as metals, composites, and 

ceramics.  A good starting point for defining the material properties for the analysis was to 

simply choose a generic plastic.  From there, a combination of property values from both this 

study and other resources was used to populate the mechanical properties for the test specimen.  

The Young’s Modulus and yield strength/stress values were taken from the table in Figure 35 

and the density value of 1040 kg/m3 from ModFab was used [15].  The other values were simply 

kept at their default values for plastic.  A summary of the input parameters can be found in 

Figure 49. 

 

Figure 49. Material mechanical properties and computer rendering 
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After this, the analysis could begin.  A new static case was implemented in the model and 

the appropriate boundary and load conditions were chosen.  The calculation function was run and 

the results were then ready for post-processing.  The first result obtained was the principal stress.  

This provided a good basis for comparing the values calculated/determine for ultimate tensile 

stress for the solid infill specimen.  Figure 50 shows a map of the computer generated and 

calculated values.  The key to the right of the figure shows a maximum stress value of 

approximately 43.8 MPa.  This is only 2% greater than the baseline average value calculated for 

the solid specimen (ref. Figure 35).  This leads to the conclusion that the results obtained from 

the tensile testing of the solid specimen were both very accurate and predictable due to the small 

amount of standard deviation (ref. Figure 44). 

 

Figure 50. CATIA principle stress results 
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Figure 51. CATIA displacement vector 

Figure 51 shows a map of nodal displacement which can be interpreted as a measure of 

elongation, particularly when considering the end of the part.  The maximum displacement was 

3.02 mm as shown in the key which gives a calculated percent elongation of 2.6%, very close to 

the calculated value of 2.51% as shown in Figure 35.  For supplementary viewing, Figure 52 was 

included which shows the original and deformed shapes.  Not specifically noted in this study is a 

phenomenon called necking which can be seen as a small change in width of the gage section. 

 

Figure 52. CATIA displacement (final vs. initial) overlay 
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Figure 53. CATIA Von Mises estimation 

 An option to calculate the Von Mises stress in any computer based simulation is very 

common.  This calculation combines multiple states of stress and is often viewed as the most real 

world value for estimating the stress in a part/sample.  Since this study focused on testing parts in 

absolute tension, it was determined that the principle stress calculations were likely more 

applicable.  Figure 53 was included mostly as visual aid as it represented the areas of high stress 

very well through a color coded system.  As previously mentioned, the shape (width, radii 

values, length, etc.) of tensile test specimen are very important to laboratory performance.  As 

can be seen in the figure, the highest stress values are located largely in the gage, or “reduced” 

section.  This is highly beneficial because the exact dimensions of the cross section throughout 

that portion of the length of the sample are precisely known.  This also obviously explains why 

all of the fractures observed in this study occurred in this region.  Overall, the computer 

simulation done further supports both the accuracy and validity of the results acquired through 

the tensile testing process of desktop 3D printed specimen in the lab. 
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CHAPTER 5 

 

CONCLUSION 

 

 

 Infill is a very important point of consideration for any 3D printing application.  This 

study showed that the shape of that infill is also an important factor.  The shape was shown to 

have an impact on many mechanical properties such as the modulus, yield stress, ultimate tensile 

stress, and percent elongation, to name a few.  It also affected the shapes of the corresponding 

stress vs. strain diagrams.  Through the course of this study, I was able to design, 3D print, and 

tensile test specimen of four different infill configurations.  The data received from each test was 

certainly correlated strongly enough that many conclusions can be made. 

 The four infill configuration chosen were solid, rectangular, diamond, and hexagon (also 

referred to as honeycomb).  The rectangular, diamond, and hexagon patterns were printed at 15% 

infill while the solid was used mainly as a baseline.  The solidly infilled specimen showed the 

most brittle-like behavior in regards to their stress-strain curves.  They also had the smallest 

linear region resulting in the lowest calculated modulus value, roughly 1287 MPa.  They also 

began yielding at a smaller stress value than the other configurations but had the smallest total 

percent elongation at 2.5%.  The failure of the solid specimen was much more intense and 

happened without near as much warning as the other ones.  A visual inspection of the site of 

fracture supported the conclusion that a part with 100% infill behaves very similar to a brittle 

material.  One more conclusion that can be made regarding the solid category of parts is that the 

data from one test to another was the most closely correlated resulting in smaller standard 

deviations in the calculations.  3D printing does have a reputation for producing parts which 

exhibit somewhat unpredictable behavior.  This study showed that parts printed on a desktop 
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printer can, in fact, be considered reasonably consistent in terms of mechanical performance.  

This was supported by the results of the computer simulation.  By using a combination of 

experimentally acquired values and material constants (ref. Figure 49), the results were proved to 

be very consistent.  The computer simulations yielded maximum stress (ultimate tensile stress) 

and total percent elongation values only 2% and 4% higher than the experimental data 

calculations, respectively. 

 Next, the 15% infill parts were analyzed.  Some published studies simply compare the 

data acquired from the non-solid infilled samples with the solid ones.  While this is important 

and can provide valuable data in regards to cost and material savings, it was decided to go one 

step further and take the percentage of “missing” material into consideration in the calculations.  

Doing so, I believe, allowed me to better isolate the role the geometrical configuration of an infill 

plays in the mechanical performance of a part/specimen.  All three of the non-solid categories 

yielded higher values of modulus, yield stress, and ultimate tensile stress when evaluated in this 

manner.  The sacrifice of 85% of the material in the cross-section, however, did cause higher 

values of elongation (strain), as could be expected. 

 The stress vs. strain curves for the rectangular infilled specimen most closely resembled 

the shape that is usually expected from plotting stress and strain values (ref. Figure 17).  The 

rectangular infilled parts were able to achieve the highest stress value before yielding which 

resulted in the second highest modulus value of 2034 MPa.  One interesting note, however, is 

that the average percent of elongation at yield in this case (1.36%) was the greatest compared to 

the other infill configurations.  The fact that the rectangular specimen placed second in both the 

modulus and ultimate tensile stress calculation rankings can lead to the conclusion that although 

it began to yield sooner in the loading process, it was able to resist eventual fracture quite well 
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considering this behavior.  A visual examination of the break in one of the specimen showed that 

the fracture, at some internal point, began travelling in a direction parallel to that of the axis of 

the applied load.  That, coupled with the visual inspection results from the specimen of the other 

geometries gives one clue as to why the infill shape affected the mechanical properties: the 

fracture is going to occur in the path of least resistance.  It could then be said that this means the 

fracture line will always want to be parallel to the direction containing the highest filament 

density at any given point along the length of a specimen. 

 Of the specimen printed at 15% infill, the diamond configuration showed the closest 

behavior to the solid prints after consideration of the percent of cross-sectional area missing.  

That being said, it did show the largest percent of elongation of any of the configurations at 

5.23% and, in general, seemed to be the most unpredictable when considering data correlation.   

The most interesting finding from this shape of infill was found during the post-fracture 

examination as seen in Figure 30.  As can be seen in (a), the specimen was no longer linear upon 

removal from the tensile test machine grips.  This is yet another indication that the mode of 

fracture is dependent upon the shape(s) inside of a part, as the fracture did not occur in a straight 

line perpendicular to the axis of load application.  It could be concluded that the fracture line in 

this case changed direction several times based on the internal diamond structures. 

 Finally, the hexagon, or honeycomb, structure was tested.  This category of specimen 

yielded the highest values of both modulus and ultimate tensile stress, while still having 

reasonable rankings in the other calculated values.  When compared to the solid infilled 

specimen, the values of modulus and ultimate tensile stress were 64% and 36% greater than the 

baseline, respectively.  The consistency of the results, also, was second only to the solid printed 

parts.  One interesting point of discussion can be seen in Figure 39.  As can be seen, the stress-
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strain curves for the rectangular and hexagonal specimen are nearly identical up until a relatively 

common point of ultimate tensile stress, roughly 58 MPa.  From there, however, the trendlines 

began taking different routes.  The hexagonal showed the ability to resist fracture after reaching 

its peak stress value much longer than that of the rectangular.  This observation is supported by 

the fact that the hexagonal shaped configurations exhibited higher percent elongations and, 

therefore, values of strain at break. 

 The goal to observe the effects of infill shape of the mechanical properties of a 3D 

printed part was accomplished well.  The samples were printed and tested to the specifications 

laid out in the ASTM D638 standard and the resulting data was post-processed.  Four different 

infill configurations were used in the forms of rectangular, diamond, and hexagonal shapes, and 

a solid part.  In order to better observe the fracture mechanics, an infill density of 15% was used 

for all of the nonsolid specimen.  In order to more closely isolate the effect the actual geometrical 

shape had on the mechanical properties, all graphs and calculations for the nonsolid samples 

were corrected, taking into account the amount of cross-sectional area which had been removed 

(roughly equivalent to 85% in this case) due to the print settings.   

Upon completion of the tensile test, both a visual examination and the post-processing of 

the data in a spreadsheet ensued.  Photos were taken to document the general fracture behavior of 

each type of infill and small discussions occurred for each category.  In regards to data post-

processing, a spreadsheet based analysis was done.  Stress vs. strain diagrams were constructed 

and calculations were done to calculate the modulus, yield stress, percent elongation, and 

ultimate tensile stress values of each of the twelve samples analyzed.  Average values of each of 

these calculations were acquired and compiled for each shape configuration so they could be 

compared with one another. 
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The results showed that the parts printed with 15% infill performed better than the solid 

printed specimen.  Before correcting for the actual cross-sectional area of the non-solid parts, this 

would obviously not be the case.  By correcting for the 85% reduction in cross-sectional area, a 

term of comparison called “material effectiveness” emerges.  As a result of this, it can be 

concluded that parts printed at 100% infill are less effective in terms of the material used than 

those printed with 15% infill.  It could also be stated that parts printed at 15% infill are able to 

exploit the material properties better than that of the solid specimen.  Of the non-solid specimen, 

the hexagonal (honeycomb) infill configuration proved to have superior performance 

characteristics in terms of high ultimate strength and decent ability to resist fracture.  Overall this 

study went well and was able to show that the geometrical shape of infill chosen for a 3D part 

does, in fact, influence the mechanical properties. 
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CHAPTER 6 

 

FUTURE WORK 

 

 

One major target for future work would be adding to the research by using some of the 

many different filament materials available for 3D printing.  One particular material, PEEK®, 

was recently developed for use in FDM 3D printers.  Boasting wear and abrasion properties 

superior to those of titanium and steel, this semi-crystalline thermoplastic has a long, impressive 

list of attributes [49].  Another possible material to analyze would be metal.  Analyzing samples 

printed from metal filament could provide more conclusions due to the fact that much more 

experimental data would be available from many previous studies, 3D printed or conventially 

formed alike.  Very much an ongoing endeavor, parts printed using carbon fiber and materials 

such as nylon and Kevlar have been appearing in the printing community recently.  Considering 

carbon fiber, it would be interesting to see how a 3D printed composite part might behave.  With 

the abundant number of input parameters involved in 3D printing, my guess is that some very 

revolutionary structures could be created. 

Another aspect of future work would be to incorporate some more detailed computer 

based analysis in the form of finite element modeling.  This could better prove the predictability 

of 3D printed parts through the calculation of theoretical values, specifically concerning the non-

solid parts.  Unfortunately, due to how small the extruded filament is when it exits the nozzle, a 

computer capable of generating a very refined mesh would be a necessity.  The idea would be to 

duplicate the experiment in every possible aspect in order to compare the experimental results to 

the theoretical. 
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