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Abstract 

Generating functional parts using additive manufacturing (AM) has many challenges. These 

can be material- and/or process-based. This is especially true when the produced part is required 

to withstand or be sealed for pressure due to the potential air gaps inherent to AM processes that 

generate weak points within the geometry. Also, due to the manufacturing process, 3D printed 

parts have an anisotropic behavior, therefore having weaker mechanical properties when compared 

to regular materials, such as metals. This study aims to investigate and understand how to make 

3D printed parts more functional when it comes to sealing applications and whenever better 

mechanical properties are required. 

The sealing performance will be investigated by understanding the effect of coating on a 3D 

printed acrylonitrile butadiene styrene (ABS) cylinder and compare its capacity to withstand 

pressure among three different samples: non-coated (raw), epoxy coated; and spray painted 3D 

printed ABS cylinders. A unique test procedure has been developed to monitor pressure within the 

cylinder over an extended period. Preliminary tests were undertaken by using a custom-built 

pressure vessel designed to fit the cylinder samples while minimizing all the loads other than the 

prescribed internal pressure. Pressure withstanding capacities of the samples were compared. The 

results showed that the samples coated with epoxy had improved sealing performance, followed 

by the spray painted ones. The raw 3D printed ABS samples had the least sealing performance. 

The idea of improving the mechanical properties of a 3D printed part was done by applying 

the concept of post tensioning technique to samples printed in different orientations, where a metal 

rod would be added as a reinforcement to the part. To better understand the effect of the 

reinforcement to the 3D printed parts, tensile and 3-point bending tests were done. There were 
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three different types of reinforced samples for the tensile tests, including 1, 3, and 5 turn, while 

only two reinforced samples were tested on the 3-point bending, the 3, and 5 turn samples. The 

different reinforced samples indicated the different amount of compressive load applied into the 

3D printed sample. The results, for the tensile test, showed an improvement on both elastic 

modulus and tensile strength. The elastic modulus had an improvement of 58%, and 48% for the 

longitudinal, and z-direction samples, respectively, when comparing the raw to the 5 turn samples. 

The tensile strength had an improvement of 70%, and 97%, for the longitudinal, and z-direction 

samples, respectively, when comparing the same group of samples. The bending tests showed that 

when adding reinforcement to the neutral axis, it does not effect on the flexural modulus of the 

part. However, an improvement of 14%, and 12% could be seen on the flexural strength, for the 

longitudinal and z-direction samples, when comparing the raw to the 5 turn samples. 
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Chapter 1. Literature Review 

1.1 Introduction 

In the field of manufacturing, there has been many developments of new methods for 

producing/creating different prototypes. This study investigates the use of 3D printing 

manufacturing techniques to fabricate low temperature Stirling engines, considering the 

limitations of standard manufacturing processes. This chapter includes a brief introduction on the 

3D printing technology and its applications, while later, being more specific on how to make these 

parts more functional when it comes to designing/manufacturing an engine using this technology. 

1.2 3D printing as an additive manufacturing process 

3D printing is an additive manufacturing process that can generate physical objects from a 

Computer Aided Drawing (CAD) design [1]. There are several different 3D printing technologies 

and a broad range of materials available currently [2]–[5]. However, even though there are many 

options, they are all based on the same concept, where a CAD model is turned into a physical 

object in a layer by layer process [6]. Its applications cover a broad range of industries and 

professions. The automotive industries have been using 3D printing for prototyping and for custom 

car parts used in professional racing cars [7]. The medical and prosthetics industries have been 

customizing hearing aids which can be produced with lower costs and faster [8]. Also, dentists are 

3D scanning jaws and teeth and digitally designing custom braces and dental aids [9]. The 



2 

 

prosthetics field has been working on making some people’s lives easier by creating prosthetic 

hands, arms and legs and therefore helping disabled people [10]. The aircraft industries have 

designed 3D printed fuel nozzles for jet engines which facilitates the changing and replacement of 

complex parts, and also makes the aircraft lighter [11]. Aerospace companies are manufacturing 

engine chamber out of 3D printed parts on spacecraft, using Inconel, which is a high-performance 

super alloy, as the material [12]. The entertainment industries have been using 3D printed props 

on some of the movies, since 3D printing has become more accessible currently [13]. The 

architects have been creating 3D printed scale models out of existing CAD files. Scale models can 

also be 3D printed in multiple materials and colors, making these models almost identical to reality 

[14]. Shoe manufactures started using 3D printing technology to produce midsoles as part of some 

shoes [15].  

Every 3D printed object comes from a CAD model [16]. All the different stages of the 3D 

printing manufacturing process are shown in Figure 1. These digital designs are saved as a  

Standard Tessellation Language (STL) file format and then send to a slicing software who will 

slice the 3D CAD model into thin layers [17]. Thus, the digital model is ready to be send to the 3D 

printer. At this point, the printing process and the outcome result will vary depending on the type 

of 3D printing technology and material used. The 3D printing technology could be very useful in 

some aspects, however, just like any other manufacturing process has its pros and cons [6].  

 

Figure 1: All the different stages of the 3D printing manufacturing process, from the 3D CAD 

model to the 3D printed prototype. 

 



3 

 

There are many advantages in this manufacturing process and one of them is the ability of 

creating complex geometries, and customized items while having a lower fixed cost and less waste 

of material [18]–[20]. The layer by layer process allows 3D printers to generate complex 

geometries of which cannot be produced by conventional manufacturing processes [19]. 3D 

printed parts can also be customized according to its application, unlike the parts coming from 

conventional manufacturing process where most of the time it comes in standards sizes and 

geometries [21]. The lower fixed cost is another plus for this technology, especially when its 

compared to injection molding or metal casting, for example, for small-scale production [22]. The 

injection molding and metal casting require a new mold each time a different part is to be produced, 

while 3D printers do not require any mold [22]. Similarly, since, 3D printing is a layer by layer 

process, when manufacturing an object, it only requires as much material as needed, unlike the 

conventional manufacturing processes where most of the time parts comes from blocks that are 

cut and machined until the intended object is achieved, wasting a lot of material [19]. However, 

just like any other technology, 3D printing has its downsides as well. The choices of materials are 

still inferior when compared to what conventional manufacturing process could utilize [23]. Also, 

conventional manufacturing processes are still a better choice when it comes to large production 

runs, including injection molding and metal casting [22]. Another issue is the limited mechanical 

stiffness and strength of 3D printed parts. Since 3D printed parts are produced in a layer by layer 

process, it makes the parts’ properties non-uniform and leading to an anisotropic behavior [24], 

[25]. Their elastic and mechanical properties are also different when the same part is printed in 

different machines where the repeatability could be another issue [26]. 

Despite the advantages and issues related to the 3D printing, this technology has grown fast, 

and different printing methods started to take place. The different methods are divided mainly in 
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six groups of additive manufacturing techniques: material extrusion [2], vat photopolymerization 

[27], material jetting [4], binder jetting [2], powder bed fusion [2], and sheet lamination [2]. One 

of the most common is the material extrusion technique called Fused Filament Fabrication (FFF) 

due to its price, accessibility, and broad range of materials such as plastics, metals and composites 

[28], [29]. 

1.3 Fused Filament Fabrication 

The FFF 3D printing technology uses a string of solid material (filament) as the material [1]. 

Figure 2 shows the FFF 3D printing process including its main components. The filament coil is 

loaded into the printer and guided through a heated nozzle where the filament is extruded [30]. 

The extrusion starts whenever the nozzle reaches a certain temperature which is dependent on the 

type of material being used, for example the nozzle temperature for ABS ranges from 225 ºC to 

260 ºC [31], while for PLA it goes from 185 ºC to 205 ºC [32]. Once the nozzle reached the 

expected temperature and started melting the filament, the extrusion head starts moving around 

depositing the melted filament, which cools down and solidifies, creating the first layer of the 

desired 3D printed object [1], [33]. The second layer starts by moving down the building platform, 

and then repeating the process done on the first layer [1]. This process repeats until the part is 

completely built [1].  
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Figure 2: The FFF 3D printing technology with (a) its main components of the machine and 

the (b) coordinate axis taken into consideration for the studies. 

The properties and parameters of a 3D printed prototype, such as printing resolution, or 

mechanical strength, is directly related to the chosen parameters during the pre-manufacturing 

stage [34]. The size of the nozzle and the layer height set on the slicing software, for example, 

could either increase or decrease the printing resolution of the prototype [34]. Also, the printing 

orientation could help on creating a 3D printed part more functional for its intent [25]. Parameters 

like those are crucial on the result of the prototype printed, and therefore should be chosen 

carefully. Next section will explain in detail each of the parameters that could be proper set during 

the pre-manufacturing stage. 

1.4 Materials used on FFF 3D printing technology 

The FFF 3D printing technology can use a very broad range of materials that could go from 

plastics to metal [30]. Currently, the most common materials used are thermoplastic polymers, 

including, acrylonitrile butadiene styrene (ABS) [35], polycarbonate (PC) [36], polylactic acid 

(PLA) [37], polyether ether ketone (PEEK) [38]–[40], and others, where most of those polymers 
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are fabricated in a filament form. However, as mentioned, not only polymers can be extruded when 

using the FFF 3D printing technology. Composite materials are also very commonly utilized by 

using a polymeric matrix and short advanced fibers [41]–[44], as well as, ceramics [45], and metals 

[46]. 

Out of all the thermoplastic polymers used on the FFF 3D printing technology, ABS and 

PLA are the most common ones where one tends to be stronger and more flexible at higher 

temperatures while the other is easier to use [47]. PLA works for a wide variety of 3D printing 

applications because it is easier to print with while it is not as sensitive to temperature changes as 

ABS, therefore, it does not need a heated build plate or full enclosure, for example [47]. However, 

ABS is very sensible to temperature changes, requiring a full enclosure and a heated build plate to 

obtain a higher success on the final printed prototype [48]. When printing with ABS, the printing 

object cools down slowly, otherwise it could crack other layer lines or warp during the printing 

process [47]. Another downside of printing with ABS is the requirement of ventilation due to the 

fumes during the melting process, which is more toxic than the one from the PLA [49]. However, 

overall, ABS can withstand more heat, pressure, and stress when compared to PLA at higher 

temperatures due to its higher glass transition temperature [50], [51]. Table 1 shows a comparison 

between ABS and PLA filaments of the main parameters taken into consideration when using the 

FFF 3D printing technology. 

Table 1: Comparison between PLA and ABS when using the FFF 3D printing technology. 

 PLA ABS 

Printing temperature 180-230 °C 210-250 °C 

Glass transition temperature 60-65 °C ̴ 105 °C 

Warping No Yes 

Full enclosure Optional Recommended 

Heated bed required No Yes 

Fumes No Yes 
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PLA and ABS have both their advantages and disadvantages depending on the application 

and the intent of the prototype that needs to be printed. Overall, PLA seems to be a better option. 

However, it has a limitation with high temperature applications due to its low glass transition 

temperature. Therefore, if a higher temperature resistance is required, ABS is the better option. 

1.5 Pre-manufacturing stage of FFF 3D printing technology 

The pre manufacturing stage plays one of the main roles on the result of the printing process. 

The 3D printer machine and the parameters on the slicing software should be appropriately set in 

order to have a 3D printed prototype satisfying its intent. There are several things on the 3D printer 

machine that needs to be checked, such as, the size of the nozzle that will better fit what is needed, 

the build plate should be clean and leveled. Those are two of the parameters that could directly 

interfere on the result of the 3D printed part. The slicing software is also important because all the 

printing parameters are set on it, and therefore, for example, the printing speed, the layer height, 

the infill percentage, can be optimized according the specific prototype. The main parameters that 

effects the results of the 3D printed prototype parts will be explained in this section, such as 

building volume of the printer, print resolution, warping, layer adhesion, build orientation, layer 

thickness, and more. 

The objects printed using the FFF technology have their sizes restricted to the building 

volume of the 3D printer [52]. Usually, the dimensions for a desktop printer are around 

200 × 200 × 200 mm, while industrial printers could go up to 1000 × 1000 × 1000 mm or even 

more [1]. When parts are bigger than the building volume of the 3D printer, the best solution would 

be split into two different parts and later post process them to put both components together [1]. 

The printing resolution of those parts are basically defined by two parameters: nozzle diameter 



8 

 

and layer height. The smaller the nozzle diameter and the layer height the higher the resolution 

and the surface smoothness [53], [54]. However, to achieve higher accuracy parameters such as, 

building speed, extrusions speed, and nozzle temperature control and consistency of extrusion 

should be properly set [1]. 

The layer thickness or layer height is the measure of the height of the material that is 

deposited during the layer by layer process or the vertical resolution obtained on the z-direction 

[54]. This parameter is affected by the diameter of the nozzle and the rule of thumb is that the layer 

height is half of the diameter of the nozzle [55]. The layer thickness has direct effect on the surface 

finish and how smooth it will be [55]. The smaller the layer thickness the smoother the surface of 

the 3D printed parts and the rougher it will be as the diameter of the nozzle increases [1]. 

A problem faced sometimes when using the FFF technology is that parts tend to warp during 

the printing process due to the differential cooling rate of each layer [56]. As the filament is 

deposited onto the build platform and cools down, it shrinks and creates internal stresses [57]. 

Therefore, whenever a filament is deposited on top of another one and shrinks, it tends to pull the 

surrounding areas, thus leading to warping the distortion [57]. The most recommended ways of 

reducing these problems are using a heated bed, having a good bed adhesion, and having a uniform 

temperature inside the 3D printing machine [1].  

The layer adhesion is another parameter that plays an important role in FFF technology. The 

layer adhesion is responsible for bonding the layers together [58]. As the filament is extruded from 

the nozzle and is pressed onto the previous layer that had already been deposited, re-melting the 

previous layer due to the higher temperature that when solidified creates a cohesive part [58]. As 

the filament is pressed onto the previous layers, the shape of the filament deposited becomes oval, 
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instead of a circle [30]. This oval geometry can lead to stress concentration spots, generating an 

anisotropic behavior and rougher surface finish of the 3D printed part [1]. 

To overcome this anisotropic behavior the building orientation of the 3D printed part should 

be properly set according to its intent [59]. The building orientation is the direction that the 

filament is going to be deposited on the 3D printed parts [25]. The building orientation can affect 

the mechanical properties of the part making it weaker or stronger depending on the orientation 

and what would be the applicability of it [25]. If the application requires to withstand a load on the 

z-direction for example, and the parts were 3D printed on the x-direction, this would make it 

weaker. In this case, by just printing it on the z-direction would make your part stronger and more 

applicable for that situation [25]. The build orientation also contributes for the anisotropic 

properties of 3D printed parts where the mechanical properties are different for different directions 

[1], [25]. 

Another parameter that works together with the building orientation is the raster and contour 

width. The raster and contour width are measured by the width of the material deposited on the 3D 

printed part [60]. These parameters can also be modified by changing the diameter of the nozzle, 

the smaller the diameter the thinner the width [54]. The contour width also contributes for the wall 

thickness parameter, where the more contour lines on the wall the thicker it will be, since the wall 

thickness is composed the contour lines [1]. Another factor that is also associated to the raster 

width is the raster angle. The raster angle is related to the path taken by the nozzle during the infill 

printing and it can vary from 0º to 90º [61]. It is used to overcome mechanical strength limitations 

where depending on the application of the part, changing the raster angle could be beneficial [61]. 

Such as, if a load is applied onto the part, it is important to have the raster angle parallel to that 
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load, improving is strength for that specific application [25]. While, having it perpendicular to the 

load could make the part weaker [25], [1]. 

To save on material and time, FFF parts are not usually printed solid. The internal structure 

of the part has low density which is known as infill [62]. The infill percentage varies based on the 

application required for that specific part. When it is required high strength, parts are usually 

printed with >80% infill and for low strength requirements, infill can be as low as 10% [1]. The 

infill geometry can vary from triangular, rectangular, honeycomb and others [1]. 

There are some downsides related to the FFF technology, and one of them is the requirement 

of support structures depending on the geometry of the part intended to be printed, in order to print 

successfully [63]. The supports are required whenever there is overhanging features narrower than 

45 degrees relative to the build platform [1]. Another downside is the air gaps that could be created 

during the printing process. The air gap is how much overlap the 3D printed parts will have 

between layers/raster. This parameter is created during the filament deposition process. The best 

way to overcome it is by increasing the overlap on your printing and it should be done on the 

slicing software [1].  

1.6 Post-manufacturing stage of FFF 3D printing technology 

FFF parts are known for its cost effectiveness prototypes. However, most of the time these 

prototypes require some post processing, for example, if a smoother surface is essential, since the 

printed layers can be seemed on the surface of the printed object. In addition to the smoothness of 

the surface, some post processing methods can also contribute to the sealing performance by filling 

the air gaps, by improving the strength of the part, or even helping on moderating the anisotropic 

performance of these objects. This section will explain in detail some of the post-processing 
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techniques that could be done in order to achieve the intent of the part, such as sanding, priming 

and painting, dipping, acetone vapor smoothing, and epoxy coating. 

1.6.1 Sanding 

Once the support material is removed, sometimes it can leave imperfections and extra 

material on the surface, also due to the layer by layer process. Therefore, if a smooth/controlled 

surface is required, sanding the surface of the 3D printed parts can be helpful on keeping the 

geometry and dimensions more accurate. The process of sanding can be done by using sandpapers 

in a range from 80 to 2000 grit. It is important to start with the coarse grit and proceed up to a finer 

one, always sanding in small circular motions [64]. However, depending on the applicability of 

the 3D printed part and the smoothness needed, sometimes going up to 800 grit should be enough, 

whereas sometimes its needed to go up to 5000 grit. It is recommended to start with dry sanding 

for the coarser grids and finish with wet sanding, to provide a better result [64]. The advantages of 

this technique are the extremely smooth surface finish and helps if additional post-processing in 

required, such as spray painting. However, sanding is usually not recommended when prints have 

2 or less wall lines, also it is difficult to apply this technique for complex geometries where it could 

be hard to reach all the surface equally. Also, if sanding is done too aggressively and too much 

material is removed from the part, it could impact on the overall dimension accuracy [65]. 

1.6.2 Priming and Painting 

The process of priming and painting is probably the best approach when a more professional 

and a better visual appearance of the final product is required. This technique can provide a very 

smooth surface and a wide range of final product including colors, which are independent of the 

material it was printed in. Before priming, the 3D printed part should be sanded up to 600-800 grit 
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sandpapers to get rid of imperfections on the surface [65]. After sanding, the priming should be 

done in two coats, or more if necessary, using an aerosol primer. Once the primer is dry, the surface 

could be sanded again to obtain a uniform and smooth surface [64]. Therefore, the painting process 

can be done by either using regular inks or aerosol can, however aerosol painting cans provide a 

better result, by filling in the gaps better. There should be applied from 2-4 thin coats of aerosol 

paint, letting it dry between coats [64]. 

1.6.3 Dipping 

The dipping process is done by submerging a 3D printed parts in container filled with a 

specific solvent for an specific time to enhance the surface finishing, as mentioned by Galantucci 

et al. [66]. This process is very similar to the vapor smoothing, however, in this technique the part 

is completely dipped in the solvent, unlike the vapor smoothing technique where the vapor coming 

from the evaporation of the solvent interact with the part [67]. It is required an eye hook or similar 

attached to any type of wire for dipping the part in the solvent. The 3D printed part should be 

quickly submerged in the solvent for just couple seconds, depending on the material. Schmid et al. 

[68] , for example, used acetone dipping as a post processing where parts were dipped in acetone 

bath for about 5 min to reach the desired surface finish . After removing the part from the solvent, 

it should be hanged to let the solvent evaporate completely. The main advantages of this technique 

when compared to vapor smoothing technique is that it is much quicker, however since it is a more 

aggressive approach, it could impact on the overall geometry and tolerances of the part. Also, if 

the part is left for too long submerged, it might completely damage the part [66]. 

Galantucci et al. [69] studied the effect of acetone dipping on the flexural and tensile 

strengths. The results showed an improvement of the flexural strength, however, it slightly reduced 
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the tensile strength [69]. Percoco et al. [70] also found an improvement on the weight, ductility, 

flexural and compressive strength after dipping samples in acetone, however, 1% of those samples 

shrank and had to be discarded [70]. Rao et al. [71] studied the effect that each parameter such as 

solution concentration, time, initial roughness, and temperature of chemicals would have on the 

3D printed part using DOE and ANOVA. It was found that concentration with regards to 

concentration-temperature and concentration-time interaction have the highest influence on the 

surface roughness [71] 

1.6.4 Acetone vapor smoothing 

The acetone vapor smoothing process allows the vapor of the acetone contained within the 

confined space to break the secondary bonds of the ABS creating this smoother and softer 

superficial layer. Therefore, 3D parts end up with a better surface finish. This whole post 

processing technique of ABS 3D printed parts happens inside a container. To start off the vapor 

smoothing process, acetone is poured onto paper towel/paper tissue and covering the inside of the 

contained with this wet paper. Afterwards, to have most of the surface of the 3D printed parts 

exposed to the vapor, two small pieces of aluminum foil can be twisted and placed on the bottom 

of the container, working as a base support to the 3D printed part to be exposed. To finish the 

process, the container should be closed with a lid on top, letting the 3D printed part exposed to the 

acetone vapor for about 30 min. The acetone vapor smoothing post-processing technique should 

be done in a fume hood to avoid exposure to the odor coming from the acetone. 

Kuo and Mao [72] studied the effect of heated acetone vapor on the surfaced finishing of 3D 

printed FFF parts. The experiment was done in a closed chamber where a fan, placed inside the 

chamber, was responsible for forcing the vapor circulation into the specimen. It was found that for 
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the higher rpm of the fan the better surfaced finished obtained, however, longer exposure was 

required for enhance the surface finishing of 3D printed parts with larger surface areas [72]. . Garg 

et al. [73] used cold vapor treatment of acetone of FFF specimens in a closed container to enhance 

the surface finish and investigate the dimensional accuracy. The results showed that the surface 

finish of components was greatly improved with minimum variation on the dimensions, however, 

if specimens were exposed for too long (90 min) corners and sharp edges would get rounded off 

[73]. Priedeman and Smith [74] developed a technique to understand the effect of exposure to 

vapor, evolved by heating of chemical in a controlled environment on the surface finishing of FFF 

specimens [74]. Espalin et al. [75] also studied the effect of vapor smoothing on FFF 3D printed 

ABS samples. In this study, parts were first allowed to cool down for few minutes in drying 

chamber and then placed in a smoothing chamber for about 10-30 s [75]. In this study, the solvent 

is heated in the smoothing chamber, and the vapors are, therefore, deposited onto the ABS samples 

which was hanged inside the chamber [75]. The vapors coming from the solvent penetrate through 

the surface of the sample due to surface tension, smoothing the surface finish [76]. 

Post-processing FFF parts using acetone could be very fast, cheap, and effective to improve 

surface finishing. However, the amount of exposure should be controlled in order to reduce 

damages to small features, as well as, dimensioning changes. In order to improve accuracy, 

methods such as acetone vapor smoothing could be automated and mechanized [77]. 

1.6.5 Epoxy coating 

The epoxy coating technique is done by using a two-part epoxy. This technique can provide 

a sealed part due to the shell created by the epoxy [78]. To start the post processing, the two parts 

of the epoxy need to be mixed according to the mix ratio given by the manufacturer. Improper 
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ratios could change the result, for example if not enough hardener is mixed, the epoxy might take 

longer to cure, also, the part might be tacky once cured. Once mixed, the epoxy should be applied 

onto the surface of the 3D printed part using a foam brush, for example [78]. One layer of epoxy 

should be enough, however, if more layers are needed, the dimensional accuracy might be altered 

[79]. After the epoxy is completely cured, again curing time is estimated by the manufacturer, the 

3D printed part is ready to use. 

1.7 Mechanical properties of FFF 3D printed parts 

The mechanical properties of an FFF 3D printed part is directly related to the printing 

parameters used, such as printing temperature, raster angle, etc [63]. Studies have been done to 

understand how changing parameters like those could affect on the mechanical property of a FFF 

3D printed parts. Those studies will be described in the next paragraphs. Parameters that could 

affect on the mechanical properties can be split into two groups: manufacturing, and structural 

parameters. The manufacturing parameters include some of the settings selected during the pre-

manufacturing, such as, printing speed and temperature, layer height, build plate temperature, etc. 

While, the group related to the structural parameters can include raster angle and width, building 

orientation, infill percentage, etc. 

The FFF 3D printing technology, as mentioned earlier, produces parts that most of the time 

has an anisotropic behavior, and depending on the printing orientation they could be assume 

orthotropic. To understand more of these behaviors and how they affect the mechanical property 

of an FFF 3D printed part, many studies were done using tensile, compression, bending, and other 

types of tests. Ahn et al. and Rodriguez et al.[25], [80], studied the influence of both manufacturing 

and structural parameters, including printing temperature, raster angle, and air gaps. Ahn et al. 



16 

 

studied the effects of those parameters on the strength of the 3D printed part by testing samples 

printed in different raster angle and air gaps [25], while Rodriguez et al. studied the elastic 

properties of specimens printed in ABS prototypes where the results showed a reduction of 11% 

to 37% in the elastic modulus for fused deposition ABS materials when compared to the 

monofilament itself. The reductions happened when the samples were fabricated with positive air 

gaps (air gaps between each layer deposited) [80]. Another important factor that affects on the 

tensile strength of a 3D printed part are the bonding between layers, building orientation, also 

imperfections on the samples due to the layer by layer process [81].  

Tymrak et al. studied the effects of the layer thickness for ABS and PLA on the tensile 

strength and elastic modulus for different raster angles of 0/90° and 45/-45° [82]. Uddin et al. also 

studied the effect of the layer thickness on 100% infilled ABS samples, where the highest values 

for tensile strength and elastic modulus were found with the thinnest layers [48]. However, the 

infill percentage showed to have a higher effect on the mechanical properties than the layer 

thickness [83]. This happens because the empty spots weaken the 3D printed part, contributing to 

an inferior mechanical property when compared to parts printed with 100% infill [84]. 

The printing orientation is another parameter that could affect on the tensile strength and 

elastic modulus of an FFF 3D printed part. However, Cantrell et al. showed that for 100% filled 

ABS specimens, different printing orientations did not have much effect on the elastic modulus 

[85]. The tensile strength of samples printed with different printing orientations seemed to be 

greatly affected by the bonding between layers [85]. Onwubolu and Rayegani [86] found that by 

reducing parameters such as layer thickness, raster width and air gaps the tensile strength increased 

[86]. They used design of experiments (DOE) approach to understand and identify parameters that 

would lead to a higher mechanical strength [86]. Deng et al. [40] also used the DOE approach to 
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find optimal parameters for a better tensile strength of specimens printed with PEEK. The higher 

tensile strength was found when parts were printed using a printing speed of 60 mm/s, layer 

thickness of 0.2 mm, nozzle temperature of 370 C and infill density of 40% [40]. 

The tensile strength and elastic modulus of a FFF 3D printed part also is affected by the 

number of wall lines/contour rasters when the filaments are deposited aligned to the loading 

direction [84], [87]. Samples for tensile testing printed with the wall lines along the y-direction 

usually have their mechanical properties misinterpreted due to the contribution of rasters printed 

in the x-direction [30]. Laureto and Pearce [88] studied the effect of two different types of 

specimens from the standard ASTM D638 on the tensile strength of 3D printed PLA. The type I 

and IV were used for the comparison and results showed the results may overestimated the ultimate 

tensile strength when comparing sample IV to I, respectively [88]. Following the same idea, 

Torrado and Roberson [89] studied the different ASTM D638 specimen types more in depth. The 

study showed that type V had a lower elongation up to breakage of 0.6-0.9 % when compared to 

the other types of standard specimens. The conclusion was that the variability in the raster had 

major effect on it [89]. 

The reductions of 11-37 % in the elastic modulus and 22-37 % in the tensile strength of FFF 

parts when comparing different air gaps found by Rodriguez et al. [83] were due to the difference 

in the presence of voids in each specimen [83]. Hossain et al. [63], [90], studied the effect of 

reducing the presence of air gaps by changing printing parameters looking for an improvement on 

the ultimate tensile strength. It was found that by increasing the raster width and reducing the air 

gaps led to 10-30 % improvement in the ultimate tensile strength, when compared to parts printed 

using default parameters [63], [90]. The voids within FFF parts can be controlled by modifying 

the infill percentage, also, by changing the overlapping between each deposited layer [62]. 
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Studies were also done where 3D printed parts were reinforced with fillers like 

montmorillonite [91], with discontinuous [43], [44], and continuous fibers [92]–[95], in order to 

fill in the voids and improve the mechanical properties of the samples. Also, researches have been 

done on post-processing technique to improve surface quality, strength and tightness [96], [97]. 

Researches have been done to characterize the behavior of 3D printed parts under flexural 

loads. Sood et al. [98] studied the importance of parameters such as layer thickness, print 

orientation, raster angle, raster width and air gap, on the flexural properties of FFF 3D printed 

samples using the three-point bending test procedure. It was found that the printing with a raster 

angle of 0°, layer thickness of 0.25 mm, zero air gaps, and raster width of 0.5 mm provided the 

maximum flexural strength [98]. Wu et al. [99] found that the bending strength increased in 15% 

by having a raster angle of 0° for parts printed in PEEK when compared to parts printed in ABS 

[99]. 

Three-point bending tests were done on 100% infilled ABS samples with different printing 

angles and orientations to understand the behavior of the flexural strength [81]. Durgun and Ertan 

[81] also reported that surface roughness has an important effect on the flexural strength [81]. 

Lužanin et al. [100] studied the effects of different infill percentage, layer thickness, raster angle 

and width, on the flexural properties of PLA specimens. It was found that samples printed with a 

raster angle of 0° (filaments oriented parallelly with the length of the sample) and infill of 30% 

had the highest flexural strength [100]. That happens because the rasters that run axially with the 

sample withstand most of the load applied [101]. Somireddy et al. [102] studied the effect of 

different raster angles on the flexural modulus of ABS specimens. The maximum variation on the 

flexural modulus was found to be only 169 MPa amongst all the different samples which was 

expected since all the samples were printed with 100% infill [102]. Wagari Gebisa and Lemu [103] 



19 

 

used a full factorial DOE taking into consideration air gap, raster width and angle, contour number 

and width, as the variables, in order to characterize the flexural strength and modulus of FFF 3D 

printed specimens [103]. They found that the raster width and angle had the most influence on the 

flexural properties. Based on the DOE study, the optimal parameters were found to be zero air gap, 

raster thickness of 0.7814 mm, raster angle of 0° and five contours. The specimens printed with 

those parameters had a flexural strength of 127 MPa, flexural modulus of 2.4GPa, and ultimate 

flexural strain of 0.081 [103]. 

Chacon et al. [37] studied the flexural modulus of PLA samples with a zero air gap using the 

classic beam theory, while ignoring the effects of shear in the transverse deflection. It was found 

that printing speed had the most influence on the flexural modulus. Also, by having an air gap 

close to zero, the maximum flexural modulus variation amongst all the different combinations of 

printing orientation, layer thickness and printing speed was found to be 33% [37]. Cuan-Urquizo 

and Bhaskar [101] studied the effect of air gaps greater than zero, and different printing 

orientations on PLA specimens [101]. Kuznetsov et al. [47] did a different research were the 

ultimate fracture strength was studied on a tubular FFF 3D printed sample with 0% infill under 

three-point bending tests [47]. 

1.8 Stirling engines 

Stirling engine is a heat engine that is functioned by a closed-cycle with compression and 

expansion of a gas at different temperatures [104]. The temperature difference is composed by the 

hot and cold side, where each side correspond to either the compression or expansion section of 

the engine [105]. Therefore, any provided heat, creating a differential in temperature would be 

able to run the engine, such as solar, geothermal, etc. However, usually Stirling engine operates at 
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higher temperature difference in order to maximize power which is harder to obtain from natural 

resources such as solar and geothermal sources [106].  

According to studies, the state of Alberta, in Canada, has a large geothermal potential for 

providing temperatures below to 150 °C [107]. Therefore, in order to understand the behavior of 

these engines under a low temperature difference, a Stirling engine was custom-built using 

different manufacturing processes. Due to the non-standard size and parameters used for the 

engine, some parts had to be 3D printed using the FFF technology. Since, the compression and 

expansion happen in a closed-cycle, the performance of the engine is very dependent on the sealing 

performance and mechanical strength of the whole mechanism. That is where the motivation for 

this work came from. 

1.9 Challenges of designing a Stirling engine using FFF 3D printing 

technology as the main manufacturing process  

3D printed parts can be very helpful especially when it comes to complex and non-standard 

geometries. However, it also comes with some issues that need to be addressed. Stirling engines 

require a good sealing of their components, especially for the parts involved on the compression 

and expansion cycle, and 3D printed parts don’t provide a good sealing performance. Also, due to 

its anisotropic behavior, 3D printed parts cannot withstand a lot of mechanical loads. Another issue 

is that even if the engine was designed for lower temperature difference, some of the plastics used 

on the FFF technology still have their glass transition temperature over it, meaning that it is 

required a material that would have a higher glass transition temperature when compared to the 

running temperatures used on the engine. The next two sections will describe those main issues 

faced while designing the engine, the sealing and temperatures, and mechanical properties issues. 
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1.9.1 Sealing and temperature related issues 

The sealing problems of 3D printed parts come from the layer-by-layer process where air 

gaps are created due to the retraction of the filament. These air gaps also lead to a non-uniform 

load distribution throughout the part, making some spots weaker. Therefore, to overcome the 

sealing limitation, this study aims to understand the effect of coatings on the sealing performance 

of 3D printed parts, therefore, getting the engine to run more efficiently. 

The Stirling engine designed worked with temperatures up to 92 °C, therefore, as mentioned 

earlier, depending on the material used it might get damaged due to temperature related issues. 

The material chosen should have a glass transition temperature higher than the temperatures used 

to operate the engine. The glass transition temperature is the temperature where a material starts 

changing from a hard/brittle to a rubbery stage. By taking into consideration two of the most 

common materials used on FFF processes which are PLA and ABS, their glass transition 

temperature ranges from 60-65 °C and 105 °C for PLA and ABS, respectively [50], [51]. 

Therefore, ABS was the material chosen to help overcoming this limitation. 

1.9.2 Mechanical properties related issues  

The other major problem face while building the engine was the failure of some 3D printed 

parts. The first approach trying to overcome this issue was to over dimension the part and therefore 

make it stronger. However, the bigger the dimensions, the more material is wasted as well as 

printing time. Another concern was that since the engine was very compact, the parts could be too 

much bigger than what it was designed at first. This study aims to understand the effect of the post 

tensioning technique applied to 3D printed parts in order to improve their mechanical properties 

and solve the issues faced while build the low temperature Stirling engine.  
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1.10 Study of the sealing performance of an 3D printed part using FFF 3D 

printing technology 

Studies have been done trying to understand the sealing performance of a 3D printed part. 

Mireles et al. [79] studied the applicability of 3D printed parts as sealants on fluid pressure 

applications by reducing the porosity of specimens with chemical treatment. There were eleven 

sealants, including epoxies, with different chemical properties that were applied to the specimens 

through vacuum infiltration and brushing. The results showed that the sealing method using the 

BJB TC-1614 epoxy (TC-1614 A/B, BJB Enterprises), had the best performance, where the 

brushed specimens could withstand to ~40 psi, and up to ~20 psi when using the vacuum 

infiltration approach. However, even though the mechanically brushed parts seemed to withstand 

higher pressure loads, they had a higher change in dimension while the parts treated through the 

vacuum infiltration system did not seemed to have change on their dimensions [79]. 

McCullough and Yadavalli [108] studied the sealing performance and surface finish of 3D 

printed ABS parts using acetone dipping. They designed and 3D printed a micro fluidic channel 

where water would be the fluid used for their experiment. However, it was leaking through the air 

gaps, therefore they used the acetone dipping approach, trying to dissolve the ABS enough to be 

capable to hold water without leaking. The acetone dipping proved to help on make 3D printed 

parts impervious to water. Optimum conditions were found to be 1-8h of exposure with 60 per 

cent aqueous solution which resulted in a surface finish up to nanoscale while preserving part 

features [108].  

The acetone vapor smoothing was the first approach done trying to get the low temperature 

Stirling engines to be properly sealed. After applying the vapor smoothing technique, the parts 
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seemed to seal well, however, after some time with the machine running, the 3D printed parts 

would start to fail as shown in Figure 3 [105]. Therefore, an investigation was done trying to 

understand what the actual effects of acetone on an ABS 3D printed part are. Zhang and Shin 

studied the effect of the acetone vapor smoothing on the mechanical properties of ABS parts 

manufactured using the FFF technology. They observed temperature-dependent storage modulus, 

and coefficient of thermal expansion for parts exposed to a different concentration of acetone 

during the vapor smoothing process by using dynamic mechanical analysis and dilatometer. It 

could be seen a decrease in the glass transition temperature for parts chemically treated with 

acetone vapor smoothing, where parts not treated had a glass transition temperature of about 114 

°C, while parts treated had values around 70 °C. Therefore, they could conclude that acetone vapor 

smoothing weakens the thermal stability of the 3D printed part. According to this study, the reason 

for the parts in the engine to be failing after some time, is the temperature of the machine being 

higher than the new glass transition temperature of the 3D printed part [109]. However, further 

study needs to be done when it comes to the time given for the acetone to evaporate before testing 

it, since it was not very clear in the study by Zhang and Shin. 
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(a) (b) 

Figure 3: The acetone vapor smoothing technique applied to 3D printed parts. Figure (a) shows 

the prototype after the vapor smoothing technique, while (b) shows the failure of the same part 

after exposed to temperatures of 92 °C. This shows that the presence of acetone on a 3D 

printed part can affect their glass transition temperature [105]. 

Bélanger and Marquet [67] used a 3D printed prototype for digital holographic microscopy 

in the field of microfluids. The prototype was a perfusion chamber that had to be able to handle a 

rapid laminar flow without leaking. Initially, the 3D printed perfusion chamber was leaking 

through the internal porosities coming from the printing process. Therefore, in order to seal the 

closed chamber, they used the acetone vapor smoothing technique. They found that using this 

approach was helpful to successfully seal the mechanism and proceed with their experiments.  

1.11 Study of the post tensioning technique applied to 3D printed parts 

Concrete is the main material when it comes to construction of bridges, buildings, etc. 

However, for those bridges, for example, to withstand the mechanical loads applied to it while in 

service, the concrete is required to be reinforced, and this reinforcement is done by using a 

technique called pre/post tensioning. This technique consists in compressing the concrete using 

reinforcement material called tendons, that could be wires, rebars, etc. There are two different 
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ways of prestressing the concrete, by pre-tensioning the tendons or by post-tensioning them. The 

pre-tensioning technique consists in having the tendons tensioned prior to the concrete being cast, 

while the post-tensioning technique have the concrete casted first, and by using ducts through the 

concrete, the tendons are added and then tensioned afterwards. The concrete should be compressed 

because their tensile strength is only about 10% of its compressive strength, therefore, plain 

concrete parts are likely to crack/fail when loaded in tension. This technique strengths the concrete 

due to the compressive load that now would have to be canceled by the tensile load before it starts 

cracking the concrete [110].  

Studies have shown that 3D printed parts when printed in the z-direction have a higher 

compressive than tensile strength [24], [25]. Sung Hoon et al. found the compressive strength of 

3D printed parts in the z-direction to be about 170% higher than the tensile strength [25]. Constance 

Ziemian et al. also found the compressive strength to be higher than the tensile strength by 140% 

for samples printed in the z-direction [24]. The American Society for Metals (ASM International) 

mentioned that the tensile strength of bulk ABS ranges from 32-45 MPa while the compressive 

strength goes from 65-90 MPa [111]. Therefore, having a compressive strength about 180% higher 

than the tensile strength, when considering the lowest value of the tensile strength and maximum 

value of compressive strength. According to these studies provided, 3D printed parts also seen to 

be a good fit for the post-tensioning technique, since their compressive strength is higher than the 

tensile strength. Also, parts coming from the FFF technique cannot use the pre-tensioning approach 

because it would have to be manufactured on top of a tensioned reinforcement in which would be 

a difficult task to accomplish, specially to get the tendons to have a good bonding with the 3D 

printed part. 
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There are not many studies related to the post-tensioning on 3D printed parts. The only one 

found in the literature was done by Hinchcliffe and Srubar lll that studied the effect of the post-

tensioning technique using natural-fibers as reinforcement on beam printed with PLA. The PLA 

specimens were tested for both tensile and flexural properties using different types of natural-

fibers, as well as different levels of stresses applied to the reinforcement for different compressive 

loads purposes. The results indicated an increase of 116% and 62% for tensile strength and elastic 

modulus, and 14% and 10% for flexural strength, and flexural modulus, respectively [112]. 

According to this study, 3D printed parts seemed to have a good response when applying the post 

tensioning technique to it. Therefore, in order to better understand the effects of reinforcements on 

3D printed parts, this study aims to quantify the improvements that can be obtained by using the 

post tensioning technique to the field of additive manufacturing. 
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1.12 Objective and motivation 

The objective of this thesis is to understand how to make 3D printed parts coming from the 

fused filament fabrication technique more functional when it comes to applications where good 

sealing performance and better mechanical properties are required.  

The motivation of this research came from challenges faced while building a low 

temperature Stirling engine using fused filament fabrication 3D printed parts as the main 

manufacturing process for the parts of the engine. A variety of challenges were faced, and the main 

ones were leakage and failure/breakage of 3D printed parts. Therefore, ideas on how to overcome 

those issues started to be studied, such as the application of different coatings, and the post 

tensioning technique applied to 3D printed parts. 
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1.13 Thesis Outline 

The structure of this thesis will be as described below: 

In Chapter 1, the idea behind this thesis and what has been already done by other researchers 

is introduced. It will start by explaining basic concepts of additive manufacturing and 3D printing, 

including technologies available in this field, as well as applications related to this area. The fused 

filament fabrication technique will be explained more in details since this is the technique studied 

in this research. The materials commonly used on the FFF technique will be described while 

introducing to the most used ones, ABS and PLA. The main difference between these two 

polymers will be explained. The basic parameters of the 3D printing process will be introduced, 

such as building orientation, layer thickness, and others, while explaining how much influence 

those parameters could have on the result of the printed prototype. Post processing techniques will 

also be introduced, including acetone vapor smoothing, spray painting, and epoxy coating, which 

are the ones used on part of this study. Also, studies related to the mechanical properties of 3D 

printed parts will be described. This chapter will also, introduce Stirling engines, and the 

challenges that were faced while building an engine of this type using 3D printed parts. The main 

issues were related to sealing, and mechanical properties, therefore, studies related to those topics 

will also be introduced, such as coating applications and post tensioning technique. 

Detailed information regarding the experimental procedures, equipment, design, data 

acquisition devices (DAQ), data processing techniques, and the uncertainty analysis are given in 

Chapter 2. 
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Chapter 3 will provide experimental results related to the pressure test experiment. These 

results helped understanding the effects of coatings on the sealing performance of an FFF 3D 

printed part. 

Chapter 4 will showcase the results of tensile and three point bending tests using the post 

tensioning technique. The effect of adding reinforcement to 3D printed parts is better understood, 

as well as, how much it influences on the mechanical properties of a 3D printed part. 

Chapter 5 will provide conclusion that could be taken from this study, also suggesting ideas 

for future work related to the area of functionality of 3D printed parts when it comes to sealing 

performance and mechanical properties improvement. 
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Chapter 2. Experimental Setup 

2.1 Introduction 

This chapter contains the detailed configuration of the experimental setup and describes the 

method used to process acquired data. In this section, all the equipment, software, and tools needed 

for this experimental study are listed and described. The steps needed for the evaluation of the 

sealing performance of a 3D printed parts are demonstrated. In addition, the method for adding 

reinforcement to 3D printed parts is described in detail. An additive manufacturing process using 

a 3D printer (Ultimaker 2+, Ultimaker B.V.) was used to manufacture all the samples for both 

experiments. This 3D printer uses the FFF technology to create prototypes. All the samples were 

printed using ABS as a material. The uncertainty calculations for the experiments were also 

considered.  

2.2 Effect of coating on the pressure withstanding capacity of 3D printed 

ABS cylinder 

The effect of coating on the pressure withstanding capacity of a 3D printed ABS cylinder 

aims to understand how much adding a coating to a 3D printed part would improve its sealing 

performance. To achieve that, a custom-built pressure vessel was designed in order to perform 

pressure test to evaluate the sealing performance. The samples used as the main body of the 

pressure vessel were 3D printed ABS cylinders. The pressure inside the cylinders would be 
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monitored by a pressure transducer, and therefore, if any leakage happened through the cylinder, 

it would be recorded. 

2.2.1 Samples for the experiment 

The sealing performance experiment was done with six different 3D printed ABS cylinders. 

The samples can be categorized into two groups of three, based on their wall thickness, illustrated 

in Figure 4. Needing to understand the effect of coating on the sealing performance of a 3D printed 

ABS part, two different post processing techniques of spray painting and epoxy coating were used.  

 

Figure 4: The different samples used for the experiment, in which for each wall thickness there 

was tested three different samples: raw, spray painted, and epoxy coated. 

The two configurations of the cylinder were designed using the commercial software 

(SolidWorks, Dassault Systèmes SolidWorks Corp). The main dimensions of the cylinders can be 

found in the Table 2 and Figure 5. After the solid model was created, the file was saved as a .STL 

file which is the type of file is used for rapid prototyping, 3D printing and CAD manufacturing. 

The .STL file would then be opened on a slicing software (Ultimaker Cura, Ultimaker B.V.), where 

the parameters such as printing orientation, layer height, and printing speed can be adjusted. The 

setup parameters and their values used in the manufacturing procedure can be found in the 
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Appendix A. The printing speed was set to be 45 mm/s for all the sample thickness. According to 

the slicing software, the 1/8” and 1/16” samples had a printing time of 6 h and 40 secs, and 4 h and 

14 secs, respectively. The difference in the printing time was due to the total weight of the printed 

material which were 132 g of material, and 67 g for the 1/8” and 1/16” samples respectively.  

Table 2: The dimensions of the two configurations of the cylinder. 

Parameters 
Cylinders 

1/8” 1/16” 

Outer diameter, ∅𝑜𝑢𝑡𝑒𝑟 (mm) 83.32 (3 ¼”) 83.32 (3 ¼”) 

Inner diameter, ∅𝑖𝑛𝑛𝑒𝑟 (mm) 76.97 (3”) 80.15 (3 3/16”) 

Length, 𝐿 (mm) 152.4 (6”) 152.4 (6”) 

 

 

Figure 5: Description of the main parameters of the dimension of the cylinder. 

The cylinders were 3D printed using a commercial FFF machine (Ultimaker 2+, Ultimaker 

B.V.). The 3D printer manufactures the desired features using fused filament fabrication (FFF) 

printing technology. The printer had a physical dimension of 342 × 357 × 388 mm 

(width × length × height) and build volume of 223 × 223 × 205 mm. Acrylonitrile butadiene 

styrene (ABS) was used as the printing material due to its higher glass transition temperature of 

~105 °C when compared to Polylactide (PLA), which is ~60-65 °C. This thermal resistance of the 
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printing material was selected as the representative since the Stirling engines operate with 

temperatures around 90-95 °C, which is higher than glass transition temperature of the PLA.  

The filament used was the Ultimaker ABS+ black filament with 2.85mm diameter from 

Ultimaker B.V. The cylinders were printed in the z-direction, as defined in Figure 6, with a 0.8 mm 

nozzle. They were printed one at a time to avoid any issues due to retraction. As recommended by 

the manufacturer of the filament, the temperature of the build plate and the nozzle were selected 

to be 100 °C and 240 °C, respectively. The surface build plate was covered using a BuildTak sheet 

to improve printing adhesion. The manufactured cylinders were removed from the build plate 

using a scraper. 

 

Figure 6: Inside view of the Ultimaker 2+ illustrating the printing direction of the cylinders in 

which in the figure it is printing a z-direction sample. 

The 3D printed parts can have imperfections, gaps and bumps between the layers of the 

manufactured surface due to the layer-by-layer fabrication process. These gaps may ultimately 
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lead to potential leaking spots and that could also be abrasive when in contact with O-rings later 

during the experiment. Sanding and smoothing the surface will help to minimize the leaking 

potentials in such condition. Therefore, the next step of the manufacturing procedure was to sand 

the outer surface of cylinder at 20 mm from each end. The sanding was done to smooth only the 

surfaces that would be in contact with the O-rings in the experiments. The outside edges from both 

top/bottom surfaces were also sanded to provide a rounded surface which improves the assembly 

of the cylinder with the pressure vessel.   

The sanding process was done starting with a coarse grit and finishing with a finer one. The 

first sanding was done with 120 grit sandpaper, followed by 200, 400, 800 and 1500. The first 

three sanding were dry sanded while the last two, 800 and 1500, were wet sanded. The raw samples 

used in the experiments are ready to pass through the pressure test after this step. For the spray 

painted and epoxy samples, however, more post processing steps are required. These steps are 

described in detail in the following sections. 

Preparing a spray painted sample 

To improve the sealing of the 3D printed material, a filler primer (Filler Primer Spray, Rust-

Oleum) was used to fill in the grooves and air gaps existent on the surface of the 3D printed 

cylinder. In this step, a gray filler primer (Filler Primer Spray, Rust-Oleum) was applied after 

sanding the raw material. To insure the proper sealing, three layers of filler primer was applied 

onto the outer surface with an interval of 10 min between layers. Also, to have a homogeneous 

spray material on the surface, the sealing material was shaken for one minute before spraying each 

layer. The last step of the preparation of the spray painted sample was done by applying three 

layers of black spray painting (2x Ultra Cover Paint+Primer, Rust-Oleum) for plastic adhesion. 

The same spraying procedure was used in this stage.  
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Manufacturing steps for Epoxy coated sample 

In order to prepare the epoxy coated samples, the initial stage was to sand the samples as 

described in the raw sample pre-processing steps. After sanding, a layer of epoxy was applied onto 

the outer surface of the cylinder. The epoxy mixture was a two parts epoxy (TC-1614 A/B, BJB 

Enterprises), as recommended by the manufacturer, to seal 3D printed parts. The epoxy will 

penetrate and seal porous surfaces due to its low viscosity (600 cps at 25 °C) and high adhesion 

properties. The sealing will remain consistent for the operating temperatures up to 177 ºC. The 

properties of the epoxy are described in more detailed in Appendix B.  

To have a homogeneous epoxy mixture, the viscosity of the mixing components needs to be 

reduced first. In this step, both parts were collected from their respective containers using two 

different 10 ml pipettes (one for each part of the epoxy) and poured into two different regular 

plastic cups. The plastic cups were placed in an oven and exposed to a temperature of 35 ºC for 

20 min. After taking the part out of the oven, part A and B were then poured into the same plastic 

cup and a wooden stick was used to mix it together. The ratio of the parts was 100/23 by volume 

(part A and B, respectively) as recommended by the manufacturing company. All the utensils used 

for this sample can be seen in Figure 7. The mixture of epoxy has its highest sealing performance 

up to 2 hours after the mixing time. Therefore, the mixture was applied to the sample just after 

mixing it. A foam brush was used to apply one layer of the epoxy onto the outside surface of the 

cylinder. The applied layer was cured by letting it stand inside of a fume hood for 24 hours before 

using it for the experiment. 
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Figure 7: Utensils used on the post processing of the epoxy sample. 

2.2.2 Pressure Vessel 

A pressure vessel was designed in order to perform the pressure test on the 3D printed ABS 

cylinders. The design intent of the pressure vessel was to fit the cylinder, sealing the whole 

assembly by using two O-rings, one for each support base. The top support base would have a hole 

used for the air inlet. The solid model of the pressure vessel assembly is shown in Figure 8. The 

assembly consists of two base supports, two O-rings, four spacers, four metal rods, nuts, and 

washers.  

The bases were printed using a 3D printer (Form 2, Formlabs Inc.) in which uses the 

stereolithography (SLA) technology. The SLA technology uses photopolymerization to create 

models, prototypes and parts, in a layer-by-layer process. The support bases were printed using a 

clear photopolymer resin (RS-F2-GPCL-04, Formlabs Inc.). An issue of the stereolithography 

technology is the requirement of support material to every print, which creates a non-flat surface 

after the support material is taken off. The support material is also required whenever there is 

overhanging areas, therefore, it was required to apply support material to the O-rings grooves. 

Those support materials were all sanded off using the same procedure used for the cylinders. It 
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was important to sand those areas in order to avoid abrasive damages to the O-rings. The top base 

has two holes, one for the inlet air pressure and the other one for fitting the pressure transducer 

which reads the pressure inside the cylinder. The hole for the pressure transducer was tapped for 

5/16”-24 thread while the inlet air pressure was tapped for ¼” NPT threads. The presence of the 

O-rings in the top and the bottom of the main pressure vessel enhances the sealing of the cylinder 

within the two support bases. The two O-rings had a width of ¼” and the material was Buna-N 

rubber. 

 

(a) 
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(b) 

Figure 8: Pressure vessel designed for the pressure test experiment: (a) front and top view of 

assembly with main dimensions, (b) components of the assembly in an aligned section view, 

including a detailed view showing the inside gaps of the geometry. 

The spacers in the pressure vessel were designed to set a limit to the movement of the support 

bases to avoid compressive loads to be applied onto the cylinder. Therefore, the presence of the 

spacers in the pressure vessel will only enable loads due to pressure to act onto the cylinder. The 

fours spacers were 3D printed on an FFF printer (Ultimaker 2+, Ultimaker B.V.), out of ABS 

material. The same printing procedure and settings as of the cylinders were used to print these 

parts. The alignment of the lead and the pressure vessel was achieved using four 1/4”-20 threaded 

metal rods combined with eight ¼” washers and eight ¼”-20 nuts. 
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Procedure for assembly of the pressure vessel 

Prior to placing the cylinder within the pressure vessel, the assembly started by applying a 

layer of high-performance synthetic grease onto the O-rings as well as onto the top/bottom outside 

surface of the cylinder. The synthetic grease enhances the sealing performance of the O-rings and 

helps on the fitting of the cylinder within the top/bottom support bases. It also helps by avoiding 

that abrasion happens due to the decrease in the friction between the cylinder and the O-ring. After 

applying the grease, the O-rings were placed on the internal grooves located inside of both support 

bases.  

The next step was to place the cylinders inside both support bases until it passes by the O-

rings and gets in contact with the internal side of the base. After the bases and cylinder are placed 

together, it is necessary to align the four holes of the top base to the four from the bottom. The 

alignment is done by spinning the support bases until the holes are approximately aligned. After 

the alignment, the spacers were placed between the support bases and the metal rods were 

introduced, passing through the top base, spacer, and bottom base. To complete the assembly of 

the pressure vessel, eight nuts and eight washers were put on both ends of each of the four metal 

rods. 

Air at a controlled pressure was proved to the test cylinder assembly using a commercial air 

compressor (C2004-WK - Porter Cable, Stanley Black & Decker, Inc.). The compressor has a 

built-in pressure regulator to help on applying the desired pressure to the cylinder. The hose of the 

air compressor was attached to a needle valve (1/4” NPTF pipe size female) through a high-

pressure brass nipple threaded on both ends for pipe sizes of ¼” NPT. The needle valve was used 

to lock and control the pressure inside the cylinder. Both sides of the needle valve were directly 

connected to two of the nipples at each end. One side connected to the hose coming from the air 
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compressor and the other one was directly connected to another hose that would be connected to 

the cylinder. The hose and the cylinder were connected using a nipple that were threaded onto the 

¼” NPT hole of the top base of the pressure vessel to the hose coming from the air compressor. 

To improve the sealing of the connections Teflon tape was used for all the threaded fittings existent 

in the overall assembly. The other hole on the top support base was threaded with 3/16”-24 for the 

pressure tap.  

2.2.3 Experiment procedure 

Once the system was assembled together, a brief load of 10 psi was applied in order to proper 

seal the system. Ultimately, the pressure inside the cylinder was reduced to 5 psi, to evaluate the 

sealing performance of the system. To check for any possible leakage, a mixture of water and 

neutral detergent was used to coat the outer surface of the system. This mixture was applied 

throughout the entire systems, especially at fittings connections such as nipples, valve, hose 

connections, and between cylinder and O-rings. In case of presence of a leakage, bubbles would 

be produced in the system. After retreating the leakage of the system and ensuring the proper 

sealing, the system is ready to be used for the experiments. 

The experiment was carried out by applying pressure inside the cylinder starting at 10 psi to 

maximum pressure of 100 psi to evaluate the pressure drop with respect to time. In each set of 

experiment, the increase in pressure was achieved by steps of 10 psi with 5 min intervals. For each 

pressure tested, the needle valve was remained open at the start and then it was closed after the 

desired pressure was reached. During the 5 mins of the test in each set pressure, leakage would be 

indicated as a pressure change on the live pressure measurement plot data. For safety purposes, 
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the cylinder test assembly was place in a metal confined spaced and safety glasses were used in 

case of blown out during the experiment. 

Once all the experiments were done and the data was collected, the pressure inside the 

cylinder was reduced to atmospheric pressure. The cylinder sample was removed from the metal 

container for a secondary leakage test. In this step, a pressure of 20 psi was applied to the sample 

in order to identify where the air was leaking through. The only accepted leakages spot was through 

the main body of the cylinder as shown in Figure 9. After this step, the same experimental 

procedure was used to evaluate the sealing performance of different cylinder samples. This 

experiment was repeated 6 times to insure the repeatability of the experiments  

 

Figure 9: A digital image showing a mix of water and soap to check if leakage was present 

during the experiment through the body of the cylinder. 

2.2.4 Data collection 

The pressure was measured using a pressure transducer that was directly connected to the 

cylinder. The voltage signal emitted from the pressure transducer was measured by a data 

acquisition system (DAQ) system. The recording and monitoring of data were achieved by using 

a custom-built software in an integrated development environment (LabWindows CVI, National 

Instruments). The inhouse code collected the data from the pressure transducer every 0.5 sec. The 
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pressure transducer used in this experiment had an uncertainty of 0.5 % of the measured pressure. 

The setup of the experiment plus the data acquisition system can be seen in Figure 10. 

 

(a) 

 

(b) 

Figure 10: The setup of the experiment with a (a) a picture of the actual setup taken in the 

laboratory, and (b) a schematic of the complete setup from the air compressor to the data 

processing.  

2.3 Effect of reinforcing 3D printed ABS parts 

This section will discuss the steps of the experimental setup for the reinforcement study. It 

will include the preparation of the metal rods, and the process of 3D printing the two different 

types of specimens, which are longitudinal and z-direction, for both tensile and bending tests. The 

procedure of adding the metal rods into the 3D printed ABS samples is also explained in detail. 

The data acquisition method is also described. 
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2.3.1 The process of making the samples for both tensile and bending test 

The tensile samples (dog bones) were tested following the standards for tensile properties 

and bending tests. The ASTM D638 - Type lll [113], was the standard procedure followed for the 

tensile tests. This standard specifically used for tensile properties of plastic. The bending tests were 

based on the ISO 178 [114] standards. The ISO 178 is used to determine the flexural properties of 

plastics which is like the ASTM D790 [115], in case of following the ASTM for the bending test 

as well. However, there is a difference between them. The ISO 178 standard test continues until 

the sample breaks while the ASTM D790 does not.  

Both configurations of specimens used in these experiments were designed using a 

commercially available software (SolidWorks, Dassault Systèmes SolidWorks Corp), and the 

main dimensions for both tensile and bending samples are shown in Figure 11. The detailed 

drawing is provided on Appendix C. The finalized sample designs were saved as a STL file, that 

corresponds to stereolithography, in order to be prepared for the slicing software. The Ultimaker 

Cura (Ultimaker Cura, Ultimaker B.V.) was used as the slicing software. All the printing 

parameters such as printing orientation, infill percentage, and layer height were set to their optimal 

conditions in this software as shown in the Table 3. The complete set of parameters used in the 

slicing software are shown in Appendix A. 

Table 3: Main parameters used on the slicing software for printing the specimens for both 

tensile and bending samples. 

Parameters 
Samples 

Bending Tensile 

Layer Height (mm) 0.2 0.2 

Line Width (mm) 0.7 0.7 

Wall Thickness (mm) 2.1 2.1 

Infill 100 % 100 % 

Print Speed (mm/s) 45 45 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 

Figure 11: Overall dimensions for the samples used for the tensile tests, including: (a) raw, (b) 

with hole only and (c) reinforced samples. The samples used for the bending test including: (d) 

raw, (e) with hole only and (f) reinforced samples. 
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For both tensile and bending tests, there were two different types of specimens where the 

difference was related to the printing orientation. The two different printing orientations were the 

longitudinal (y-direction) and z-axis orientation. The coordinate system used is the sample as the 

schematic shown earlier in Figure 6. The idea behind the two selected orientations was to 

understand the effect that having two complete opposite filament deposition orientation would 

have on the mechanical properties of a 3D printed part. It is expected, for example, that the 

longitudinal (y-direction) samples will be mechanically stronger than the z-direction samples for 

both tensile and bending experiments. There were printed and tested five samples of each group 

category. Figure 12 shows all the different types of specimens used for both tensile and bending 

tests. The tensile test was composed by the raw, hole and 1, 3 and 5 turn samples referring to the 

integer number of turns of the tension nut. The groups of samples of the bending test had the raw, 

hole, 3 and 5 turn samples.  

 

Figure 12: Resume of all the samples used for each experiment. There were tested five samples 

of each type for both tensile and bending tests. 

The 3D printer used to manufacture the specimens was an FFF printer (Ultimaker 2+, 

Ultimaker B.V.). The size of the nozzle was chosen to be 0.8 mm of diameter and its printing 

temperature was set at 240 ºC. The build plate had a temperature of 100 ºC and to improve the 
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material adhesion it was covered with a BuildTak (Ideal Jacobs Corporation) The material used 

for the specimens was a black ABS 2.85 mm filament (Filaments.ca 3D Printer Filaments Canada) 

All the printing parameters were chosen based on the filament’s manufacturer recommendations.  

The raw sample is a solid prototype, as it is shown in Figure 11, while the hole sample had 

a hole of 3 mm in diameter going through the entire length of the part and located at the neutral 

axis. The samples used for the reinforcement test were basically the same hole samples but with a 

metal rod that would be added just before the experiment. The samples reinforced with the metal 

rods will be explained in more details later in this chapter. Every sampled used for the experiments 

had a printing infill of 100%. The printing time of the longitudinal, and z-direction raw specimens 

used on the tensile test were 2 h 21 min, and 4 h 18 min, respectively. The total weight of the raw 

samples after manufacturing, for example, were 39.8±1.3 g, and 40.5±0.3 g for longitudinal, and 

z-direction, respectively. The weight and number of samples printed for each experiment can be 

seen in the Table 4. The samples were printed one at a time in order to reduce the effect of the 

retraction, that could cause under extrusion of the filament, possibly generating stress 

concentration spots, and air gaps on the sample. The stress concentration spots and air gaps would 

reduce the materials strength and as well as interfere on the results of the experiments. Therefore, 

the samples were weighed and labeled for consistency and to keep track of the results, in case any 

inconsistency during the tests was found. The samples were also stored and separated into different 

sealed bags to avoid moisture. 
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Table 4: Average weight and number of samples used for each experiment. 

 

Bending samples Tensile samples 

Longitudinal z-direction Longitudinal z-direction 

Qty 
Average 

weight (g) 
Qty 

Average 

weight (g) 
Qty 

Average 

weight (g) 
Qty 

Average 

weight (g) 

Raw 5 28.6±1.2 5 33.5±0.2 5 39.8±1.3 5 45.9±0.3 

Hole 5 27.5±0.8 5 31.7±0.3 5 39.9±0.9 5 44.9±0.5 

1 turn N/A N/A N/A N/A 5 39.1±1.1 5 44.3±0.8 

3 turns 5 28.1±1.0 5 30.6±0.1 5 39.3±0.8 5 44.7±0.6 

5 turns 5 27.5±0.7 5 31.9±0.1 5 40.0±1.5 5 44.7±0.5 

2.3.2 Components used for the reinforced samples  

Detailed information regarding the manufacturing procedure of the reinforced samples is 

provided in this section. It will include the manufacturing processes used to fabricate each of the 

components of the reinforced samples’ assembly. The assembly of each reinforcement specimen 

was composed by the 3D printed part, metal rod, two nuts, and two washers. The specification of 

each component is also described in this section. 

Metal rod 

The metal rods used were 0.071” (1.80 mm) in diameter and had a tensile strength of 261,000 

psi (1800 MPa), according to the manufacturer (9666K42, McMaster-Carr Supply Company). The 

size of the wires was chosen carefully in order to have the approximate strength when compared 

to the 3D printed ABS samples used for the experiments. This comparison was done by calculating 

the tensile strength of each material, according to the equivalent area that each material would 

have on the total cross sectional area. The size of wire was also chosen especifically to match the 
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thread rolling machine (C-700 – Spoke Thread Chaser, HOZAN TOOL IND.CO., LTD.) used to 

create threads on both ends of the wire. It was an iron made thread rolling mechanism that could 

generate #2-56 threads for 14 and 15 wire gauge. The depth of the pitch depends on how tight 

together the three roll dies are. Figure 13 shows the thread rolling machine and its components, 

also how the metal rods were positioned to be threaded. 

  

(a) (b) 

Figure 13: The process of threading the metal rods using a (a) thread rolling machine. (b) A 

closer look of the roll dies used for the thread creation. 

The first step of preparing metal rods ready for the experiment was to cut it to a specific 

length, where it would be long enough to go through both sides of the samples, leaving ~15 mm 

extending from each end. Since the bending and tensile samples had different length, 187.2 mm, 

and 200.0 mm, respectively, two different size of wires were cut, one for each type sample. The 

wires for the bending samples were ~217 mm long, while the ones for the tensile samples were 

~230 mm.  

The wire used was purchased in a 0.5 kg coil. Therefore, it was clamped using a regular 

clamping mechanism and cut using a hacksaw to the respective length needed. After cutting the 

wire, it was necessary to file them on both ends into a cone shape. That was important in order to 
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get rid of imperfections and creating a cone shape would facilitate the beginning of the deformation 

on the wire later, when creating the threads by using a thread rolling machine.  

The threads were made in two steps, the first one with the roll dies at a loose setting in order 

to create just the shape and path of the threads, and the second with the roll dies tighter together to 

finalize and increase the depth of the threads. Three passes were done for each step, looking for 

creating a clean, smooth and more uniform thread. Before starting the thread deformation, the 

mechanism was lubricated (WD-40, WD-40 Company), to ease and smooth out the thread’s 

creation. 

Nuts and washers 

The nuts and washers were both custom built according to some necessities that the 

experiment required, and that will be discussed in this section. The parts purchased were a 

hexagonal steel bar (Low-Carbon Steel Hex Bar - 5/16" Wide, 6512K141, McMaster-Carr Supply 

Company) for the nuts and one metal sheet (Low-Carbon Steel Sheet - 3" × 3" × 1/16", 1388K142, 

McMaster-Carr Supply Company) for the washer. The nuts were manufactured at the machine 

shop located in Mechanical Engineering building at the University of Alberta, while the washers 

were manufactured in the laboratory 5-25 on the 5th floor of the same building. The nuts were 

made of the hexagonal steel bar that was cut 10 mm long to increase the contact area between the 

rod and nuts. The nuts were manufactured this way since standard sizes of #2-56 nuts would not 

provide enough contact area by being very thin and small. After cut, it was faced for alignment 

purposes, and the last manufacturing step would be tapping a #2-56 thread in it. The washers were 

cut using a hacksaw and its dimensions were chosen to cover the entire area of both ends of the 

samples, therefore whenever a force is applied it would be distributed equally onto the surface of 
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the sample. The washers were 29.0 × 10.0 mm for the tensile samples and 20.0 × 9.0 mm for the 

bending samples. The same nuts were used for both tensile and bending samples. 

Testing the rods 

The metal rods had at first their strength tested in the laboratory, and then it would be tested 

later in the machine shop using a tensile machine MTS 810 (Material Test System 810, MTS 

Systems Corporation), and the results compared. Hole samples were 3D printed to help on the 

study where the rods would be tested simulating the actual experiment to understand how much 

compression/tension the dog bone/rod could withstand. The study was done with hole 3D printed 

samples, metal rods threaded on both ends, washers and nuts.  

The components were assembled and clamped, only on the 3D printed part, with a 

mechanical clamp present in the laboratory, showed in Figure 14. The nuts were then tightened 

until the metal rod broke/failed while compressing the hole sample. The compression applied onto 

the 3D printed part was counted by the number of complete full rotations of the nut, which 

corresponds to the pitch of the 2-56# thread 2.265 mm. After testing 10 different metal rods it was 

found that the average breaking point was around 7 complete full rotations, corresponding to 

~13.6 mm of displacement of the nut. Based on the value found, in order to not exceed the yield 

strength point, the maximum value used during the actual experiment was 5 turns. Later, as 

mentioned, the metal rod was also tested using a tensile machine and an extensometer. 
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(a) (b) 

 Figure 14: The setup for testing the metal rods in the laboratory. The (a) overall view of 

assembly, and (b) a closer image showing the main components of the assembly. 

2.3.3 Experiment procedure 

This section discusses about the experimental procedure used for the different tests in this 

study. Tensile and 3-point bending tests were the two tests used to achieve the goal of this study. 

The two tests are described in this subsection, and both used the MTS 810 (Material Test System 

810, MTS Systems Corporation) machine for the experiments. There were only few differences 

between the setup used for the tensile and for the bending test. The tensile and the bending were 

done using a different set of grips. Figure 15 shows the difference on the setup of the machine, as 

well as the different grips used for the two tests. For the tensile tests, it was also required the use 

an extensometer (Material Test System 634.12E-24, MTS Systems Corporation) with an extension 

able to cover about 3 inches of the length to calculate the strain of the specimen being tested. In 

this setup, the extensometer was gripped onto the specimens by using an elastic band on both top 

and bottom grips of the extensometer to insure the stability of the system throughout the entire 

experiment. 
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(a) (b) 

Figure 15: The setup of the MTS 810 for the (a) tensile, and (b) 3-point bending tests 

 

Tensile tests (metal rod) 

The metal rods were tested by using two squared 3D printed parts. These parts were 

manufactured due to limited options of grips to use for this experiment. These squared parts were 

used for each grip to adapt the existing grip of the tensile machine. They were also used to simulate 

the actual experiment that would be done using a dog bone Figure 16 shows the complete assembly 

used for the experiment. The adaptors had a central hole which was located on the neutral axis of 

the cross section and all the way through the entire part. As shown in Figure 16, the parts were 

assembled by aligning the metal with both holes and placing a washer and a nut to lock the rod in 

place in each end. After the assembly was done, each adaptor was attached to the top and bottom 
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grips of the machine and tightened by four bolts from both grips of the machine. The same 

extensometer was also connected to the metal rod using elastic band to prevent undesired 

movements of the extensometer. After ensuring the stability of the system, the experiments were 

started. 

 

Figure 16: The assembly used for the tensile test of the metal rods on the MTS 810. The grips of 

the machine were attached to the black ABS 3D printed part.  

The speed of the machine during the test was set at 1 mm/min with a data acquisition 

frequency of 20 Hz. A total of five samples were tested in this study and the tests were continued 

until the metal rod broke. The data acquired in each test provided the stroke (mm), axial load (N), 

strain (mm/mm), and time (s). The results collected from the experiments contained some offsets 

due to the very precise measurements collected from the extensometer. The small offsets of the 

results were corrected in a way that all the data plotted would start from the plot origin, providing 

a smoother and more consistent graph. There was also some inconsistency on the data at the end 

of each experiment. This inconsistency was due to the data collected after the breakage of the rod 

that would overextend the extensometer, and therefore those measurements would be completely 

off the real data. An in-house code was used to generate the plots of the corrected results for each 

condition. 
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Tensile tests (3D printed samples) 

There was a total of 25 dog bones samples tested, 5 for each different experiment: raw, hole, 

1 turn, 3 turn, and 5 turn. The only samples that were reinforced with the metal rods were the 1 

turn, 3 turn, and 5 turn. For all these samples, the metal rod was slide through the hole and a washer 

and a nut were placed on both ends of the metal rod. The nuts were tightened manually up to a 

point where it would only be possible to be further tighten using a wrench. After tightened 

manually, the 1 turn sample had the nut tightened an extra complete full rotation, while the 3 turns 

and the 5 turns samples had 3, had 5 complete full rotation of the nut, respectively. Each full 

rotation corresponds to 2.265 mm displacement which is the pitch of a 2-56# thread, meaning that 

the displacements were 2.265 mm, 6.795 mm, and 11.325 mm respectively for the 1 turn, 3 turns, 

and 5 turns samples. 

All the specimens were tested using the same grip used to test the metal rods. Starting with 

the raw sample, hole, and 1, 3, and 5 turn in sequence. The samples were gripped into the machine 

according to code provided by ASTM D638 [113] with the distance between grips of 115 ± 5 mm. 

The parameters set on the MTS 810 (Material Test System 810, MTS Systems Corporation) were 

the same as used for testing the metal rods. All the reinforced samples were tightened right before 

tested to avoid creeping of the metal rod. The specimens were all tested until its breakage, which 

all happened on the 3D printed ABS (dog bone). The data acquisition and processing were done 

same as the metal rod. 

Three-point bending tests 

The MTS 810 (Material Test System 810, MTS Systems Corporation) was also used for the 

bending tests, however, the setup of the machine was slightly different as compared to the tensile 
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tests, as mentioned earlier in this chapter. The Figure 17 below shows in detail the experiment 

setup of the 3-point bending test. As shown in Figure 17 instead of the grips used for the tensile 

tests, a support base with two columns was attached to the bottom head of the machine. The 

columns were separated by the distance of 140 mm, where the sample was placed on. The top head 

of the machine had a single column attached to it. The top column was responsible for applying 

the load onto the specimens that were being tested.  

 

Figure 17: Setup of the MTS 810 for the 3-point bending tests. 

There were four different samples tested: raw, hole, 3 turns, and 5 turns. Even though, the 

samples had a different geometry when compared to the tensile samples, due to the different 

standards, the same procedure was used on the bending tests, where the samples would only be 

reinforced right before being tested. The bending samples were designed according to the ISO 178, 

where there were some specific requirements related to the sample and to the three point support. 

Based on this standard, it was required that the specimen’s width need to be ≤ ¼” of the support 
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spam, also that the overhanging on both ends need to be ≥ 10% of the support spam, but never less 

than 6.4 mm on each end. The support spam had to be 16±1 times the depth of the specimen.  

The tests ran until the specimens broke, either completely or on the tension side of it, which 

in this case was on the bottom surface of the sample. The speed of the machine used for the 

experiments was 5 mm/min with a frequency of 20 Hz for the data acquisition. The data collected 

was composed by stroke (mm), axial load (N), and time (sec). The data for the bending tests had 

to be corrected as well, since the different position of the heads were generating offsets on the 

results, and that difference was due to the start position of the top head that had to be set manually 

each time a new specimen was going to be tested. The collected data was processed using an in-

house code, where it generated Axial load (N) vs Stroke (mm) graphs. 

2.4 Uncertainty analysis 

Different sources of uncertainty were considered for each of the measurements performed in 

this study. Major identified error sources are related to pressure test, application and rating of 

external load, and strain measurement. Random and bias errors were included in the calculation of 

the reported uncertainties which are all at the confidence level of 95% [116][117]. 

Errors in the pressure were related to the study on the sealing performance while variations 

in load and strain were regarding the investigations on the reinforcement. The pressure transducer 

(Validyne DP15-50, Validyne Engineering) had a manufacturer-specified uncertainty of ±0.5% of 

the full scale of the measurement. The calculations for the tensile and bending tests were done 

based on the set of equations provided in standard measurement and testing protocols [116]. 

Accordingly, for N number of samples having standard deviation of 𝑠𝑋, the uncertainty 𝑠𝑋 is 

calculated as: 
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𝑠𝑋 =
𝑠𝑋

√𝑁
 (1) 

It can be seen that equation ((1) only includes errors from repetitions which only correspond to 

random errors but not bias errors. In the case of having multiple sources of random error, equation 

((2) can be used such that: 

𝑠𝑋 =
1

√𝑁
[∑(𝑠𝑋𝑘

)
2

𝐾

𝑘=1

]

1
2

 (2) 

 

where 𝐾 is the total number of random error sources, and 𝑠𝑋𝑘
 is the elemental random standard 

uncertainty of the 𝑘𝑡ℎ source. 

The bias and combined uncertainties were calculated using equations ((3) and ((4), 

respectively. All the bias uncertainties expressed had the same 95% level of confidence 

maintained, given by equation ((5). The equations are given as:  

𝑏𝑋 = [∑(𝑏𝑋𝑘
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𝑢𝑋 = √(𝑏𝑋)
2

+ (𝑠𝑋)
2

 (4) 

𝑈95 = 2𝑢𝑋 (5) 
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where 𝑏𝑋 is the bias uncertainty of measurement, 𝑏𝑋𝑘
 is the bias uncertainty due to the 𝑘𝑡ℎ source, 

and 𝑢𝑋 is the combined standard uncertainty. The values thus calculated for all uncertainties 

considered are summarized in Table 5. The uncertainty on the extensometer used was not taken 

into consideration because it would negligibly affect the results. 

Table 5: Error sources, error types, and their standard uncertainty. 

Error Source Error Type Standard Uncertainty Reference 

Pressure Transducer 

(Validyne DP15-50, 

Validyne Engineering) 

Bias ±0.75 psi [118] 

Load cell 

(Force Transducer 661.20E-03, 

MTS Systems Corporation) 

Random ±4.2 N [119] 

Caliper 

(150 mm Digital Vernier Caliper, 

Mastercraft Tools) 

Bias ±0.005 mm [120] 
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Chapter 3. Effect of Coating on the Pressure 

Withstanding Capacity of 3D Printed ABS Cylinder  

The purpose of this study is to demonstrate the effect of coating on the sealing performance 

of ABS 3D printed parts by developing a unique pressure test technique. The experiment was done 

by designing a pressure vessel able to fit and seal a 3D printed ABS cylinder and quantify the 

strengthening and sealing ability of spray painting and epoxy as coatings. To achieve the goal of 

this study, the pressure withstanding capacity of the two different coatings, epoxy and spray 

painting, and the effect of the thickness of the cylinders on the sealing performance were 

compared. The group of samples used on the experiment is shown in Figure 18. 

 

Figure 18: The three different cylinder samples with a wall thickness of 1/8” used on the 

pressure measurement. 

This chapter is divided into two subsections for two different cylinder wall thickness, where 

the results for the 1/8” cylinders are shown first, and it is followed by the 1/16”. A comparison is 

also undertaken between the two configurations for each type of coating trying to make clear the 

difference and improvement on the sealing performance that was obtained from the different 
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samples. An extra test was also completed where the 1/16” thickness cylinder was printed using 

110% infill, instead of 100%. Conclusions were made based on the results found in which are 

illustrated by graphs showed throughout this chapter. 

3.1 Results 

3.1.1 Cylinders with wall thickness of 1/8” 

 

Figure 19: The change in pressure with respect to time for the raw sample with a wall thickness 

of 1/8”. 

In this study, the raw, uncoated sample was the first one to be tested in order to have a 

reference for the comparison of the sealing performance amongst the different configurations. 

Figure 19 shows the change in the pressure of the system with respect to time for different set-

point pressures. As shown, when the pressure load increases, the pressure withstanding capability 

of the raw sample decreases. This decrease in the pressure was more significant for higher 

pressures when compared to lower pressures, which can be due to more leakage in the system at 

higher pressure loads. However, for lower pressures, such as 10, 20 psi, the pressure remained 

constant throughout the 5 min test. Therefore, it can be concluded that for a minimum of 5 min of 

the test at lower pressures, the raw samples did not leak and had a good sealing performance. For 
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higher pressures, for example, 100 psi, there is a minor pressure drop, showing that as the set 

pressure increases the material tends to leak more. 

 

Figure 20: The change in pressure with respect to time for the spray painted sample with a wall 

thickness of 1/8”. 

Figure 20 shows the results for cylinders that were coated with spray painting, illustrating 

their change in pressure with respect to time for different set-point pressures. Initial observations 

shown that the coating did not result in a significant improvement on the sealing performance 

when compared to the raw sample. However, looking closely to the results, it is notable that the 

coating improved the sealing performance of lower pressures especially the range of 10 to 40 psi. 

In this ranges of pressure, constant, unchanging pressure over the time period of the experiment 

was measured inside the cylinder. The overall trend of the leakage was the same as the raw sample. 

As the set pressure was increased a higher change in pressure was measured. The spray painting 

improved its sealing performance as compared to the raw sample but didn’t completely seal the 

sample at higher pressures. 

The 1/8” cylinders were also tested with an epoxy coating. As shown in Figure 21, the change 

in pressure with the respect to time for the epoxy samples was zero, meaning that no leakage was 

found. Therefore, this highlights that the epoxy coated sample had the best results when compared 

to the other two cylinders, the raw and the spray painted. Figure 21 illustrates that the epoxy 
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coating was capable of completely sealing the 3D printed part throughout the 5 min for all range 

of pressures tested. Therefore, it can be concluded that to have a better sealing performance of the 

3D printed parts with the thickness of the wall of 1/8”, one layer of the epoxy needs to be applied 

onto the outer surface of an FFF ABS 3D printed part.  

The main expected reason for the increase in sealing that the epoxy was able to achieve was 

a result of it being able to cover all the air gaps throughout the part. This created during the layer 

by layer process, a better seal in a stronger manner when compared to the spray painted samples. 

Even though the spray painted samples were also able to cover all the air gaps, it was not strong 

enough to withstand the pressure applied and ended up giving in to higher pressure loads. 

 

Figure 21: The change in pressure with respect to time for the epoxy coated sample with a wall 

thickness of 1/8”. 

To have a clear understanding of the change in the pressure of the highest tested pressure, 

the change in the pressure with respect to time of the three different samples with a cylinder wall 

thickness of 1/8” at 100 psi are plotted in Figure 22. It can be seen that the epoxy sample had a 

better sealing performance as the pressure increases, followed by the spray painted and raw 

samples. As shown in Figure 22, the pressure of the epoxy sample remained at the 100 psi during 

the entire 5 min of the test. The pressure of the spray painted samples and the raw samples 

decreased to ~ 99 psi and ~ 97 psi respectively. 
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Figure 22: Comparison amongst the three different samples with a wall thickness of 1/8”, 

showing the effect of the coatings in the sealing performance with respect to time. 

Figure 23 shows the trends in pressure drop with respect to time for all the three samples 

tested. It illustrates how the sealing performance improves when going from the not coated sample 

to the epoxy coated one, as well as the constant trend in pressure drop as the pressure increases. 

The raw sample seemed to withstand pressure loads up to 10 psi without leaking throughout the 

5 min of the experiment. However, for higher pressures, such as 100 psi, it had a pressure drop of 

~2.5 psi. The spray painted sample, as mentioned earlier in this chapter, had an improvement on 

the sealing performance when compared to the not coated sample, where it could withstand low 

pressures up to 20 psi without leaking. At higher pressures, such as 100 psi, for example, it showed 

a pressure drop of ~1.0 psi. While the not coated and the spray painted samples had small leakages 

at higher pressures, the epoxy coated sample seemed to be able to seal throughout the 5 min for all 

the pressures set, including at the maximum pressure load of 100 psi. 
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(a) 

 

(b) 

 

(c) 

Figure 23: Comparison of the pressure drop for the (a) raw, (b) spray painted, and (c) epoxy 

coated samples with a wall thickness of 1/8”, showing the effect of the coatings in the sealing 

performance with respect to time. 
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All the samples had very similar results and the trend in pressure drop. It is important to 

compare them all in one graph where an actual comparison of the improvement can be seen for 

each set point pressure with the pressure measured after the 5 min of the experiment. Figure 24 

shows the difference in pressure drop for each sample after 5 min. The sample that had the best 

sealing performance was the epoxy sample, followed by the spray painted, and raw.  

 

Figure 24: Comparison of the change in pressure with respect to time amongst the samples 

with a wall thickness of 1/8” for each pressure setting. 

 

3.1.2 Cylinders with wall thickness of 1/16” 

The results of the sealing performance of the cylinders with wall thickness of 1/16” are 

shown in this section. It is expected that due to the smaller wall thickness of the cylinders that the 

coatings will have a higher effect on the sealing performance when compared to the 1/8” cylinders. 

Figure 25 shows the results of the change in pressure with respect to time of the raw cylinder for 

different set-point pressures. As shown in Figure 25, it's notable that the raw sample could not 

maintain any pressure and it would start leaking as soon as the pressure was applied. Overall, the 

pressure inside the cylinder would decrease to the atmospheric pressure after 200 sec of the applied 

pressure. The results indicated that for thinner wall samples, the air gaps in between layer start to 

have a bigger influence on the sealing performance of a 3D printed part. 
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Figure 25: The change in pressure with respect to time for the raw sample with a wall 

thickness of 1/16”. 

The change in pressure with respect to time for the spray painted samples is shown in Figure 

26, and it demonstrates that coating the cylinder with spray painting, improved the sealing 

performance when compared to the raw sample. However, leaking was still observed which shows 

that the system is not able to withstand pressure in both high and low pressures. The lowest set of 

pressure applied, which was 10 psi, had a drop from 10 psi to 7 psi, which corresponds to a 30% 

loss in pressure. For the highest pressure applied in the measurement, which was 100 psi, it had a 

pressure drop from 100 psi to about 60 psi, corresponding to about 40% loss in pressure. Coating 

the sample with filler primer and spray paint on the post manufacturing stage seemed to have an 

influence on filling the air gaps that were contributing to all the leakage observed on the raw 

sample, in which did not have any coating applied onto its outer surface. This influence, however, 

was not enough to completely seal the cylinder. 
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Figure 26: The change in pressure with respect to time for the spray painted sample with a wall 

thickness of 1/16”. 

The epoxy coated sample results are showed in Figure 27 where the change in pressure with 

respect to time is illustrated. The epoxy coated sample had the best sealing performance amongst 

the three different samples with a wall thickness of 1/16”. The coating appeared to fill in all the 

air gaps that were responsible for the leaking. Both for higher or lower pressures, the epoxy was 

able to hold to pressure inside the cylinder and no leakage was observed.  

 

Figure 27: The change in pressure with respect to time for the epoxy coated sample with a wall 

thickness of 1/16”. 

Figure 28 shows the comparison amongst the three different samples with respect to the 

change in pressure over time, in a way to clarify and make clearer the importance of the coating 

on the sealing performance of a 3D printed part, especially for thinner walls parts. The plot shows 
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the set-point pressure, which corresponds to the pressure that was applied at the beginning of the 

experiment, and the pressure measured after the 5 min of the experiment. It is easy to tell that the 

raw sample had the worst sealing performance by not holding any pressure throughout the 

experiment, followed by the spray painted, and the epoxy coating having the best sealing 

performance, being able to hold all the pressure loads applied into it. 

 

Figure 28: Comparison of the change in pressure with respect to time amongst the samples 

with a wall thickness of 1/16” for each pressure setting. 

All the samples for this experiment, for both 1/8” and 1/16” wall thickness, were printed 

with 100% infill, as mentioned earlier in Chapter 2. It is notable when analyzing the performance 

of the raw sample, that the air gaps were present and working against the sealing performance. 

Therefore, an extra sample of the cylinder was printed using 110% infill instead of 100%. The idea 

was to add more overlapping between each filament deposition, thus reducing the air gaps and 

improving the sealing performance. The change in pressure with respect to time for the 110% infill 

raw sample with a wall thickness of 1/16” is shown in Figure 29. It illustrates that increasing the 

overlapping between each filament deposition helps on the sealing performance of a 3D printed 

part. However, it still leaks and does not completely seal the 3D printed part. 
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Figure 29: The change in pressure with respect to time for the 110% infill raw sample with a 

wall thickness of 1/16”. 

3.2 Conclusion 

The essence of this work was to understand how to make 3D printed parts more functional 

when it comes to sealing applications. The results that were found helped on understanding the 

effects of coatings on the sealing performance. Based on the results provided, conclusions were 

taken and given below. 

3.2.1 1/8” samples 

The thicker samples showed that the coatings had a negligible effect on the sealing 

performance. However, a small drop in pressure could still be seen when comparing the three 

samples at higher pressures, especially at 100 psi, showing that the coatings helped to improve the 

sealing performance. The raw sample had the least sealing performance, followed by the spray 

painted, and by the epoxy coated where no leak was observed. Therefore, based on the negligible 

difference amongst the three samples, it can be said that 3D printed parts with 1/8” of thickness 

seem to be the threshold for sealing purposes. 
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3.2.2 1/16” samples 

The thinner samples showed clearer the effect of the coatings by having three completely 

different results on the sealing performance. Again, the raw sample had the least sealing 

performance where no pressure could be held, followed by the spray painted and the epoxy coated 

having the best performance where no leak was observed. 

There were two crucial aspects to understand the sealing performance of the samples. First, 

the epoxy with the best sealing performance where no leak was detected by applying only one 

layer of epoxy on the outer surface of the samples. Second, the number of wall lines of the samples 

that could define a threshold on the sealing performance. The thicker sample had about 4 lines on 

the wall while the thinner had only 2 lines. Since just a small leak was detected on the thicker raw 

sample, it can be assumed that 4 wall lines are the threshold when it comes to sealing purposes, 

when using a 0.8mm nozzle diameter. 
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Chapter 4. Effect of Reinforcing 3D Printed ABS Parts 

This chapter will show the results obtained from the experiments done in 3D printed samples 

using a metal rod as reinforcement. The purpose of this study is to understand the effects of adding 

reinforcement to 3D printed parts. The specimens were tested under bending and axial loads by 

running tensile and 3-point bending experiments. Comparisons were done amongst the samples to 

understand the effects on their mechanical properties such as tensile and flexural strength, and 

elastic and the flexural modulus. The results of the tensile tests done in the metal rod itself will be 

also provided and used for calculations. In addition, a conclusion will be stated by the end of this 

chapter. 

4.1 Tensile tests 

4.1.1 Metal rods 

The metal rods used as reinforcement for the 3D printed samples were tested under tension, 

and the results are provided in Figure 30 which illustrates the stress-strain curve of five different 

specimens. The results showed a consistent data where the ultimate tensile strength was found to 

be around 1.73±0.01 GPa and the elastic modulus of 87.01±7.52 GPa. The elastic modulus and 

tensile strength were calculated based on the average of all tested samples.  
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Figure 30: The stress-strain curve showing the results of the tensile tests done on five different 

samples of the metal rod. 

Before testing the metal rods in the tensile machine, as mentioned earlier in Chapter 2, the 

metal rods were tested in the lab to check how many turns of the nut the rod could withstand 

without breaking. The results from that experiment showed that the rods were breaking in average 

after 7 full rotations plus 90º degree of turn, in which corresponds to a total displacement of 7.25 

times the pitch of the #2-56 thread. By taking into consideration that the pitch of a #2-56 thread is 

equal to 0.453 mm, the total displacement of the nut would be 3.28 mm. Therefore, those results 

could be compared and applied to the results found in the tensile experiment. This comparison is 

shown in Figure 31, where it shows the location that each turn corresponds to in the stress-strain 

curve of the metal rod based on the stress-strain curve of the mean. 
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Figure 31: The stress-strain curve of the metal rod samples illustrating the position that each turn 

of the nut would represent in the curve. 

It is notable that the 1, 3, and 5 turns are marked with a red color. These three different 

torques were chosen to be the ones used for the experiment. The idea was to understand how 

different compressive loads could effect on the mechanical properties of the 3D printed samples 

by taking the lowest, middle, and highest torques. However, in order to be safe that the metal rods 

would not break while tightening the nuts during the experiment, the highest torque used was the 

one with 5 turn. 

4.1.2 Longitudinal samples 

Raw and hole samples 

The raw and hole samples had very similar results with negligible differences. The results 

are provided in Figure 32 where it is shown the stress-strain curve for each sample in two different 

figures. They both had almost the same elastic modulus and tensile strength. The raw sample had 

an elastic modulus of 1.01±0.04 GPa and a tensile strength of 29.10±1.52 MPa while the hole had 

1.07±0.02 GPa and 32.34±0.86 MPa, respectively. These results can be explained by the fact that 

the hole that goes through the samples is very small compared to the rest of the 3D printed part 

cross-section. Therefore, the cross sectional area of the sample is mostly composed by the 3D 
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printed part which represents 98.5% of the total area, while the hole area only represents 1.5% of 

the total area. The elastic modulus and tensile strength were calculated based on the average of all 

the tested samples. 

 

(a) 

 

(b) 

Figure 32: The stress-strain curve showing the results of the tensile tests for the (a) raw, and (b) 

hole longitudinal samples. 
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Reinforced samples 

This subsection will show the results of the reinforced samples with 1, 3 and 5 turns. Also, 

providing detailed information regarding their improvement/effect on the mechanical properties 

of the 3D printed parts. A comparison was done amongst the three results to see which one 

provided the best results. 

Figure 33 shows the stress-strain curve of the results found on the tensile tests for each of 

the reinforced samples. It is noticed that regardless the amount of turns, the results seemed to be 

very similar to each other. However, adding the metal rod to the 3D printed part greatly improved 

their mechanical properties. The tensile strength of the samples was found to 50.64±4.59 MPa, 

52.74±1.71 MPa, and 49.6±7.54 MPa, respectively for the 1 turn, 3 turn, and 5 turn samples. By 

taking the tensile strength of the 1 turn samples and comparing it to the raw sample, it shows that 

the tensile strength increased from 29.10±1.52 MPa, which is the value found for the raw sample, 

to 50.64±4.59 MPa, corresponding to about 75% improvement on the tensile strength. 
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(a) 

 

(b) 

 

(c) 

Figure 33: The stress-strain curve showing the results of the tensile tests for the (a) 1 turn, (b) 3 

turn, and (c) 5 turn longitudinal samples. 
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The elastic modulus also increased from 1.01±0.04 GPa to 1.59±0.08 GPa which 

corresponds to the raw and 5 turn, respectively. The elastic modulus was calculated based on the 

average of all tested samples. Once again, the difference on the elastic modulus amongst the 

reinforced samples is negligible, since all samples had almost the same results. Table 6 shows the 

elastic modulus of each sample and compares it to the values found for the raw and hole samples, 

while Table 7 shows the comparison of the tensile strength found for each sample. Figure 34 and 

Figure 35 illustrate the results of the elastic modulus, and tensile strength, respectively, where the 

error bars are the standard deviation of the mean. 

Table 6: Overall comparison amongst the elastic modulus for the longitudinal samples. 

Samples Elastic Modulus (MPa) Standard Deviation (±) 

Raw 1011.33 45.10 

Hole 1068.33 22.30 

1 turn 1574.67 58.77 

3 turn 1592.67 32.60 

5 turn 1593.89 82.22 

 

 

Figure 34: Overall comparison of the elastic modulus for the longitudinal samples where the 

error bars are the standard deviation of the mean 
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Table 7: Overall comparison amongst the tensile strength for the longitudinal samples. 

Samples Tensile Strength (MPa) Standard Deviation (±) 

Raw 29.10 1.52 

Hole 32.34 0.86 

1 turn 50.64 4.59 

3 turn 52.74 1.71 

5 turn 49.60 7.54 

 

 

Figure 35: Overall comparison of the tensile strength for the longitudinal samples where the error 

bars are the standard deviation of the mean. 

The improvement on the tensile strength and on the elastic modulus is explained by fact that 

the metal rod has a much higher value for each property than the 3D printed part itself, including 

tensile strength and elastic modulus. The tensile strength and the elastic modulus of the metal rod 

are respectively, 1726±5.48 MPa and 87.01±7.52 GPa, while the values of the same mechanical 

properties for the hole longitudinal 3D printed sample, for example, are 32.34±0.86 MPa and 

1.07±0.02 GPa. Therefore, when the metal rod is added to the cross section of the 3D printed part, 

it starts sharing the load according to its fraction of area in the cross section. For example, if having 

a larger diameter of a metal rod, the tensile strength and elastic modulus of the reinforced 3D 

printed part would also increase, since now the area of the metal rod that is sharing the load is 

larger. This calculation is done based on the equivalent areas method approach. The equivalent 
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areas method starts from the derivation of equation (6) which assumes that the strain is the same 

for both metal rod and 3D printed part when under tension or compression, and is defined as: 

𝜀𝑐𝑚 = 𝜀𝑓 = 𝜀𝑚 (6) 

 

where 𝜀𝑐𝑚 is the strain of the composite material composed by the metal rod plus the 3D printed 

part, 𝜀𝑓 is the strain of the fiber which, in this case, is the metal rod, and 𝜀𝑚 is the strain of the 

matrix which is the 3D printed part. It is also known that when under tension, the loads applied 

onto the reinforced sample can be described as: 

𝑃𝑐𝑚 = 𝑃𝑓 + 𝑃𝑚 (7) 

 

where 𝑃𝑐𝑚 is the load carried by the composite material, 𝑃𝑓 is the load carried by the fiber (metal 

rod), and 𝑃𝑚 is the load carried by the matrix (3D printed part). Knowing that load (𝑃) is equal to 

tension times the cross-sectional area, equation (7) can be derived as: 

𝜎𝑐𝑚𝐴𝑐𝑚 = 𝜎𝑓𝐴𝑓 + 𝜎𝑚𝐴𝑚 (8) 

 

where the 𝜎𝑐𝑚 and 𝐴𝑐𝑚 are the tension and the area of the cross section of the composite material, 

𝜎𝑓 and 𝐴𝑓 are the tension and area of the fiber (metal rod), also 𝜎𝑚 and 𝐴𝑚 being the tension and 

area of the matrix (3D printed part), respectively. By applying the concept that tension is equal to 

elastic modulus times the strain, equation (8) can be derived as: 

𝐸𝑐𝑚𝜀𝑐𝑚𝐴𝑐𝑚 = 𝐸𝑓𝜀𝑓𝐴𝑓 + 𝐸𝑚𝜀𝑚𝐴𝑚 (9) 
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𝐸𝑐𝑚 = 𝐸𝑓 (
𝜀𝑓𝐴𝑓

𝜀𝑐𝑚𝐴𝑐𝑚
) + 𝐸𝑚 (

𝜀𝑚𝐴𝑚

𝜀𝑐𝑚𝐴𝑐𝑚
)
 

(10) 

 

where 𝜀𝑐𝑚, 𝜀𝑓, and 𝜀𝑚, as mentioned earlier are equal to each other, therefore it can be cut out of 

the equation, and 𝐸𝑐𝑚,  𝐸𝑓, and 𝐸𝑚 are the elastic modulus for the composite, fiber, and matrix 

respectively. Since, the area fraction is the same as the volume fraction, the final equation can be 

defined as: 

𝐸𝑐𝑚 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚 (11) 

 

where 𝑉𝑓 and 𝑉𝑚 are the volume fraction of fiber (metal rod) and volume fraction of the matrix 

(3D printed part), respectively. The equation (11) helps on calculating the elastic modulus of the 

composite material, according to how much of the cross-sectional area is taken by the metal rod 

and how much it is taken by the 3D printed part. 

The elastic modulus for the reinforced samples was found to be 𝐸𝑐𝑚 = 2.37 GPa when 

calculated using values from the metal rod, and hole sample tensile tests. The 𝐸𝑐 was obtained by 

taking into consideration values for 𝐴𝑓, 𝐴𝑚, and 𝐴𝑐𝑚 that were given by the solid model in 

SolidWorks. The values used for the areas were 2.84 mm², 182.93 mm², and 185.77 mm², 

respectively for 𝐴𝑓, 𝐴𝑚, and 𝐴𝑐𝑚. The elastic modulus 𝐸𝑓, and 𝐸𝑚 used in the calculation were the 

ones obtained from the tensile tests of the metal rod by itself, and from the hole sample, being 

them 87.01±7.52 GPa, and 1.07±0.02 GPa, respectively. The calculation of the volume ratio was 

done according to equations (12) and (13).  
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𝑉𝑓 =
𝐴𝑓

𝐴𝑓 + 𝐴𝑚
 (12) 

𝑉𝑚 =
𝐴𝑚

𝐴𝑓 + 𝐴𝑚
 (13) 

 

Comparisons amongst longitudinal samples 

The first comparison in this subsection is between the raw and the hole sample, willing to 

see how much the hole going through the sample would affect on the mechanical properties. The 

Figure 36 shows the stress-strain curve of both samples combined. As illustrated, the results are 

very similar and there is not much of a difference between the two samples. The average of the 

elastic modulus for both samples were found to be almost the same, as shown in Table 6 earlier in 

this chapter. There is only a small difference on the tensile strength that can be neglected due to 

the uncertainty of the experiments. 

 

Figure 36: The stress-strain curve comparing the results of the tensile tests between the raw, and 

the hole longitudinal samples. 
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The second comparison was done with the results of two extremes samples, the raw and 5 

turn, illustrated on a stress-strain curve in Figure 37. As expected, the raw has a lower elastic 

modulus 1.01±0.04 GPa when compared to the 5 turn sample 1.59±0.08 GPa. The tensile strength 

is also much higher for the 5 turn samples than to the raw one with values of 49.60±7.54 MPa, and 

29.10±1.52 MPa, respectively. This difference in the elastic modulus and the tensile strength is 

due to the presence of the metal rod that, as explained earlier in this chapter, carries most of the 

load applied to the samples. 

 

Figure 37: The stress-strain curve comparing the results of the tensile tests between the raw, and 

the 5 turn longitudinal samples. 

There were three different types of reinforced samples: 1 turn, 3 turn, and 5 turn. The results 

of the tensile tests of these three samples are compared in Figure 38 on a stress-strain curve. It was 

observed that changing the torque applied onto the samples does not change the final mechanical 

properties of the parts. All the samples had very similar results for both tensile strength, and elastic 

modulus.  
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(a) 

 

(b) 

Figure 38: The stress-strain curve comparing the results of the tensile tests between the (a) 1 turn 

and 3 turn, and the (b) 3 turn and 5 turn longitudinal samples. 

The final comparison in this subsection is amongst the raw, 1 turn, and 5 turn, shown in 

Figure 39 on a stress-strain curve. This comparison was done to show the improvement that just 

by adding a metal rod could provide, also to show that even if different amount of torques are 

done, the improvement is going to be the same. The elastic modulus is higher for the 1 turn and 5 

turn samples, 1.57±0.06 GPa and 1.59±0.08 GPa, respectively, than for the raw one which is 

1.01±0.04 GPa. The tensile strength of the raw samples is also lower than the reinforced samples, 

with 29.10±1.52 MPa, while the 1 turn, and 5 turn have 50.64±4.59 MPa and 49.60±7.54 MPa, 

respectively. 
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Figure 39: The stress-strain curve comparing the results of the tensile tests amongst the raw, 1 

turn, and the 5 turn longitudinal samples. 

4.1.3 Z-direction samples 

Raw and hole samples 

The raw and hole samples were tested on a tensile machine and the results are provided using 

a stress-strain curve illustrated in Figure 40. The results, once again, just like what happened to 

the longitudinal samples, had a negligible difference when it comes to tensile strength and elastic 

modulus. The raw sample had an elastic modulus of 1.11±0.04 GPa and a tensile strength of 

25.54±2.36 MPa while the hole had 1.09±0.01 GPa and 30.78±1.02 MPa, respectively. The elastic 

modulus and tensile strength were calculated based on the average of all the samples used on the 

experiment. The similarity in the results can be explained by the fact that the hole that goes through 

the part only corresponds to 1.5% to the total area of the cross section. Therefore, it does not affect 

much on the performance of the part under tension. The samples, however, had a small difference 

on the strain at breakage where the hole samples were breaking at a higher strain than the raw ones. 
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(a) 

 

(b) 

Figure 40: The stress-strain curve showing the results of the tensile tests for the (a) raw, and (b) 

hole z-direction samples. 
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Reinforced samples 

The same types of reinforced samples used on the longitudinal direction parts are going to 

be used for the z-direction samples. This subsection will provide the results for the z-direction 

reinforced samples with 1 turn, 3 turn, and 5 turn. The results will provide a better understand on 

how the post tensioning technique could affect on the mechanical properties of the z-direction 

samples. 

The results of the tensile tests for the 1 turn, 3 turn, and 5 turn are provided in Figure 41 with 

a stress-strain curve. The results showed that adding the metal rod as a reinforcement highly 

improved the mechanical strength and increased the elastic modulus when compared to the raw 

and hole samples. The improvement can be quantified by comparing the two extremes case 

scenarios, which are the raw sample and the 5 turn. The tensile strength increased from 

25.54±2.36 MPa to 50.42±3.76 MPa, and the elastic modulus from 1.11±0.04 GPa to 

1.61±0.04 GPa, for the raw, and 5 turn samples, respectively. However, it is notable the similarity 

of the results amongst the reinforced samples themselves, showing that the different amount of 

torque applied onto the 3D printed part did not have an impact on their mechanical properties. 
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(a) 

 

(b) 

 

(c) 

Figure 41: Stress-strain curve showing the results of the tensile tests for the (a) 1 turn, (b) 3 turn, 

and (c) 5 turn z-direction samples. 
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Table 8 shows the elastic modulus for each different group of the z-direction samples, which 

is also provided in Figure 42, that illustrates the change in the elastic modulus when the 

reinforcement is added. Also, showing that the amount of torque applied did not affect on the 

elastic modulus of the 3D printed part, since all the reinforced samples had almost the same elastic 

modulus. Table 9 and Figure 43 show the tensile strength comparison amongst the z-direction 

samples, where the improvement when adding the metal rod can be quantified and illustrated. 

Table 8: Overall comparison amongst the elastic modulus for the z-direction samples. 

Samples Elastic modulus (MPa) Standard deviation (±) 

Raw 1111.11 38.67 

Hole 1092.78 10.64 

1 turn 1510.44 54.46 

3 turn 1624.44 25.90 

5 turn 1616.00 38.61 

 

 

Figure 42: Overall comparison amongst the elastic modulus for the z-direction samples where 

the error bars are the standard deviation of the mean. 

 

Table 9: Overall comparison amongst the tensile strength for the z-direction samples. 

Samples Tensile Strength (MPa) Standard deviation (±) 

Raw 25.54 2.36 

Hole 30.78 1.02 

1 turn 46.58 1.58 

3 turn 50.20 3.72 

5 turn 50.42 3.76 
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Figure 43: Overall comparison amongst the tensile strength for the z-direction samples where the 

error bars are the standard deviation of the mean. 

Comparisons amongst z-direction samples 

As mentioned earlier in this chapter, the raw and hole samples had a very similar tensile tests 

result. A comparison is illustrated in Figure 44 where both raw and hole samples results are 

combined on the same plot using a stress-strain curve. The hole going through the sample had a 

negligible effect on the mechanical properties of the part since its fraction of area on the cross 

section of the part is very small, only 1.5% of the total. The difference in strain can be related to 

the different batch the samples were printed with. 

 

Figure 44: The stress-strain curve comparing the results of the tensile tests between the raw, and 

the hole z-direction samples. 
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The second comparison was done by taking the two extremes, which are the raw and the 5 

turn samples, and combining them on the sample plot. Figure 45 shows the results of the two 

different specimens on a stress-strain curve. This comparison is important to see the actual effect 

of using a metal rod as a reinforcement to 3D printed parts. The tensile strength increased from 

25.54±2.36 MPa to 50.42±3.76 MPa when adding the reinforcement. Besides the tensile strength, 

there was also a change on the elastic modulus of the part, going from 1.11±0.04 GPa to 

1.62±0.04 GPa. 

 

Figure 45: The stress-strain curve comparing the results of the tensile tests between the raw, and 

the 5 turn z-direction samples. 

The third comparison was done amongst the three different reinforced samples, 1 turn, 3 

turn, and 5 turn in order to understand the effect that adding different amount of torques to the 

samples would have. Figure 46 illustrates the comparison between the 1 turn, and 3 turn, also the 

comparison between the 3 turn, and 5 turn samples using a stress-strain curve. The different 

amount of compressive loads applied onto the 3D printed parts did not have any effect or change 

on the mechanical property of the samples. The three reinforced samples had almost the same 

tensile strength, 46.58±1.56 MPa, 50.20±3.72 MPa, and 50.42±3.76 MPa, also almost the same 

elastic modulus, 1.51±0.05 GPa, 1.62±0.03 GPa, and 1.62±0.04 GPa, respectively for the 1 turn, 

3 turn, and 5 turn samples. 
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(a) 

 

(b) 

Figure 46: The stress-strain curve comparing the results of the tensile tests between the (a) 1 turn 

and 3 turn, and the (b) 3 turn and 5 turn z-direction samples. 

Figure 47 shows the last comparison for the z-direction samples showing the results of the 

raw, 1 turn, and 5 turn samples. It illustrates, using a stress-strain curve, the change in the 

mechanical properties of the 3D printed part when using a metal rod as reinforcement. The tensile 

strength increased from 25.54±2.36 MPa to 50.42±3.76 MPa, based on the values of the raw, and 

5 turn samples, respectively. There was also a change in the elastic modulus where it went from 

1.11±0.04 GPa to 1.62±0.04 GPa, using the raw, and the 5 turn samples, respectively. However, 

as mentioned before, the different compressive loads did not have much effect on the mechanical 

properties, as can be seen when comparing the 1 turn, and 5 turn samples. 
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Figure 47: The stress-strain curve comparing the results of the tensile tests amongst the raw, 3 

turn, and the 5 turn z-direction samples. 

4.1.4 Comparison between longitudinal and z-direction samples 

Comparisons between the longitudinal and z-direction samples will be discussed in the next 

subsection. The idea behind these comparisons is to understand the effect of printing 3D printed 

parts in different orientations, also comparing the results of the reinforced samples. The tensile 

strength and elastic modulus will also be compared. 

Raw and hole samples 

The first comparison was done between the raw and hole samples. Figure 48 illustrates the 

results of the two different configurations for each specimen, using a stress-strain curve. The 

different layer orientation did not have great impact on the mechanical properties for neither raw 

nor hole samples. The specimens had a negligible difference on the tensile strength and on the 

elastic modulus between them. 
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(a) 

 

(b) 

Figure 48: The stress-strain curve comparing the results of the tensile tests between the (a) raw, 

and the (b) hole samples for the longitudinal and z-direction. 

Reinforced samples 

Figure 49 shows, using a stress-strain curve, the second comparison between the longitudinal 

and z-direction samples when it comes to the effect that each reinforcement sample had on the 3D 

printed part. The different layer orientation or different amount of torque applied did not change 

the improvement obtained by adding the metal rod. The tensile strength was almost the same for 

all the samples, as well as the elastic modulus. 
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(a) 

 

(b) 

 

(c) 

Figure 49: The stress-strain curve comparing the results of the tensile tests amongst the (a) 1 

turn, (b) 3 turn, and (c) 5 turn samples for the longitudinal and z-direction. 
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Extreme samples 

The last comparison will be done comparing the two extreme case scenarios, which are the 

raw and the 5 turn samples. Figure 50 shows the two extremes for each type of printing orientation 

using a stress-strain curve. When comparing the same type of sample for different printing 

orientation, it does not show great difference and the results are very similar. However, when it 

comes to the comparison between the raw and the 5 turn samples, it is notable the improvement 

that adding the metal rod as a reinforcement brought. Both tensile strength, and elastic modulus 

increased from 25.54±2.36 MPa to 49.60±7.54 MPa, and 1.11±0.04 GPa to 1.59±0.08 GPa, 

respectively, when comparing the z-direction raw sample to the longitudinal 5 turn sample, 

respectively. 

 

Figure 50: The stress-strain curve comparing the results of the tensile tests between the raw, and 

the 5 turn longitudinal and z-direction samples, where the samples with higher tensile strength 

are the 5 turn, and the ones with lower tensile strength are the raw samples. 

Overall comparison amongst the tensile tests 

Figure 51 shows the comparison amongst all the results from the tensile tests for both 

longitudinal and z-direction samples. It illustrates the elastic modulus and tensile strength obtained 

for each group of samples. The results showed that adding reinforcement to the 3D printed parts, 

helped on increasing both elastic modulus and tensile strength. However, the improvement was 
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very similar when comparing the longitudinal to the z-direction samples. The samples that were 

not reinforced such as raw and hole, had a lower elastic modulus and tensile strength when 

compared to the 1,3, and 5 turn samples. The error bars illustrate the standard deviation of the 

mean result. 

 

(a) 

 

(b) 

Figure 51: The comparison of results from the tensile tests for both longitudinal and z-direction 

samples. It compares the (a) elastic modulus, and (b) tensile strength amongst all samples for 

both printing orientations. 
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4.2 Bending tests 

The bending tests results will be provided in this subsection. The bending samples were 

divided into two different groups of samples: longitudinal and z-direction. First, the results for the 

longitudinal samples are shown and compared amongst them, followed by the results obtained 

from the z-direction specimens. The subsection is concluded with an overall comparison of the 

results amongst all samples for both printing orientations. 

4.2.1 Longitudinal samples 

Raw and hole samples 

Figure 52 shows the results for the raw and hole samples in an axial load-stroke curve. Both 

samples had a very similar result with negligible difference. The flexural modulus and flexural 

strength were almost the same, having the values of 1726.76±71.58 MPa, and 1769.37±73.83 MPa 

for the flexural modulus and, 55.61±2.69 MPa, and 55.22±1.25 MPa, for the flexural strength, 

respectively to the raw and hole samples. This similarity can be explained by that fact that both 

samples had almost the same design, being the hole going through the sample, the only difference. 

The center of the hole was located on the neutral axis of the cross section, which helps reducing 

the effect of the hole on the mechanical properties of the part. The results also showed that the 

experiment was very consistent with repeatable results.  
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(a) 

 

(b) 

Figure 52: The axial load-stroke curve showing the results of the 3 point bending tests for the (a) 

raw, and (b) hole longitudinal samples. 

 

Reinforced samples 

There were two different types of reinforced samples for the three point bending tests: 3 turn, 

and 5 turn. Figure 53 shows the results for the 3 turn and 5 turn samples, using an axial load-stroke 

curve. There was a small improvement on the performance, since that the raw and hole samples 

had their maximum flexural strength around 55 MPa while the reinforced samples ranged from 

61.44±4.26 MPa to 63.26±2.49 MPa, for the 5 turn and 3 turn, respectively. The flexural modulus 

and flexural strength were calculated based on the average of all tested samples, also obtaining 
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their standard deviation. This improvement is related to the compressive load applied into the 

sample, therefore increasing the flexural strength. The effect of the compressive load will be 

explained in detail later in this chapter. It is also noticeable that the amount of turns does not 

change much on the mechanical properties, since the results for both 3 and 5 turns were very 

similar. 

 

(a) 

 

(b) 

Figure 53: The axial load-stroke curve showing the results of the 3 point bending tests for the (a) 

3 turn, and (b) 5 turn longitudinal samples. 
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Table 10: Overall comparison amongst the flexural modulus for the longitudinal samples. 

Samples Flexural Modulus (MPa) Standard Deviation (±) 

Raw 1726.76 71.58 

Hole 1769.37 73.83 

3 turn 1858.50 85.60 

5 turn 1823.74 100.96 

 

Table 11: Overall comparison amongst the flexural strength for the longitudinal samples. 

Samples Flexural Strength (MPa) Standard Deviation (±) 

Raw 55.61 2.69 

Hole 55.22 1.25 

3 turn 63.26 2.49 

5 turn 63.13 1.69 

 

The flexural modulus, 𝐸𝑓𝑚, was calculated based on equation (14) [121], where 𝐿𝑠 is the 

support spam length, 𝐹 is the load applied onto the middle of the specimen, 𝑑 is the deflection of 

the sample due to 𝐹, and 𝐼 is the second moment of area. The second moment of area is dependent 

on geometry of the cross section. Equation (15) [121] shows the second moment of area for 

rectangular cross sections, and equation (16) [121] shows the second moment of area for circular 

cross sections, 

𝑑 =
𝐿𝑠

3𝐹

48𝐼𝐸𝑓𝑚
 (14) 

𝐼𝑟 =
𝑤ℎ3

12
 (15) 

𝐼𝑐 =
𝜋𝑟4

4
 (16) 

 

where, 𝑤 and ℎ are the width and the height of the specimen, respectively, and 𝑟 is the radius of 

the circle (metal rod). Since, the metal rod is in the neutral axis of the samples, it will be neglected 
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from the calculation. Therefore, by replacing equation (15) in equation (14), it is found the final 

equation used to calculate the flexural modulus of the specimens, which is represented below by 

equation (17). 

𝐸𝑓𝑚 =  
𝐿𝑠

3𝐹

4𝑤ℎ3𝑑
 (17) 

 

The flexural strength was calculated based on equation (18) [121], where, 𝜎𝑓𝑠 is the flexural 

strength, 𝑀 is the bending moment, and 𝑦 is the distance from the neutral axis. The final equation 

used to calculate the flexural strength, represented by equation (19), was found by replacing the 

𝑀, which is equal to 
𝐹𝐿

4
, and 𝑦 that is equal to 

ℎ

2
. Figure 54 shows the comparisons on the flexural 

strength and modulus, respectively, amongst the longitudinal samples. 

 

𝜎𝑓𝑠 =
𝑀𝑦

𝐼𝑟
 (18) 

𝜎𝑓𝑠 =
3𝐹𝐿𝑠

2𝑤ℎ2
 (19) 
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(a) 

 

(b) 

Figure 54: Comparison of the (a) flexural modulus, and (b) flexural strength amongst all the 

longitudinal samples. The error bars represent the standard deviation of the mean.  

Comparison amongst longitudinal samples 

The raw and hole sample, as mentioned earlier in this chapter, had very similar results and 

did not seem to have a clear difference on their mechanical properties. Figure 55 compares both 3 

point bending results in the same plot, so that it is easier to see the negligible difference between 

the two specimens where the raw and hole samples had a flexural modulus of 1726.76±71.58 MPa 

and 1769.37±73.83 MPa, and a flexural strength of 55.61±2.69 MPa and 55.22±1.25 MPa, 

respectively. Figure 55 also shows the comparison done for the reinforced samples, with the 

purpose of illustrating the similarity of the results and the improvement on the mechanical 
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properties of the 3D printed samples when compared to the raw and hole samples. The 3, and 5 

turn samples had a flexural modulus of 1858.50±85.60 MPa and 1823.74±100.96 MPa, and a 

flexural strength of 63.26±2.49 MPa and 63.13±1.69 MPa, respectively . 

 

(a) 

 

(b) 

Figure 55: The axial load-stroke curve comparing the results of the 3 point bending tests for the 

(a) raw and hole samples, and for the (b) 3 turn and 5 turn longitudinal samples. 

The last comparison amongst the longitudinal samples was done with the raw and the 3 turn 

samples. Figure 56 shows the improvement on the mechanical properties of the 3D printed part, 

illustrated by an axial load-curve obtained from the 3 point bending test. The improvement can be 

quantified by flexural strength in which corresponded to 55.61±2.69 MPa and 63.26±2.49 MPa, 
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respectively to the raw and 3 turn samples. The flexural modulus was almost the same, being 

1726.76±71.58 MPa and 1858.50±85.60 MPa, for the raw and 3 turn samples, respectively. 

 

Figure 56: The axial load-stroke curve comparing the results of the 3 point bending tests for the 

raw, and 3 turn longitudinal samples. 

4.2.2 Z-direction samples 

Raw and hole samples 

The raw and hole results from the 3-point bending tests are shown in Figure 57 by an axial 

load-stroke curve. The raw and hole samples had a very similar flexural modulus with values of 

2010.11±41.08 MPa, and  1899.02±85.96 MPa, respectively. There was a small, but negligible, 

difference on the flexural strength where the values were 52.11±2.32 MPa, and 46.15±2.80 MPa 

for the raw and hole samples, respectively. The similarity in the results can be explained by the 

fact that the hole that goes through the entire part is located on the neutral axis, which does not 

affect much on the flexural strength, since the holes are very small (3 mm). It is interesting to 

mention that for the longitudinal samples, after the samples reached their maximum flexural 

strength, it would still bend for about 25 mm more until it breaks. However, for the z-direction 

samples it would not bend that much, since the samples were printed on the z-direction its bonding 

between layers are very weak. Therefore, when a small crack was created it is going to propagate 
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easily through the cross section, since there is nothing to stop it from moving forward. For the 

longitudinal samples, when a crack is created, and a filament is broken, there is still many more 

filaments that the crack needs to break through in order to break the 3D printed part. This fact 

explains the difference in the stroke after the maximum flexural strength. 

 

(a) 

 

(b) 

Figure 57: The axial load-stroke curve showing the results of the 3 point bending tests for the (a) 

raw, and (b) hole z-direction samples. 

Reinforced samples 

Figure 58 shows the results for the reinforced samples with 3 and 5 turns on an axial load-

stoke curve. The two specimens had a modest difference on both flexural modulus, and flexural 

strength. The results found for the flexural modulus are 1652.53±46.02 MPa, and 
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1919.93±51.21 MPa, respectively for the 3, and 5 turn samples. The flexural strength had a higher 

difference on the results with values of 46.15±0.85 MPa, and 58.20±1.80 MPa, respectively for 

the 3, and 5 turn samples. Those differences on the results were not expected and are assumed to 

come from the different printing batch where the build plate might have had a different leveling, 

therefore, influencing on the repeatability of the printing properties of the specimens. However, 

there was an improvement on the tensile strength when comparing the 5 turn samples to the raw 

and hole. The hole sample, for example, had a flexural strength 46.15±2.80 MPa, while the 5 turn 

had a value of 58.20±1.80 MPa, which corresponds to about 25% improvement on their capability 

of withstand bending loads without failing. 

 

(a) 

 

(b) 
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Figure 58: The axial load-stroke curve showing the results of the 3 point bending tests for the (a) 

3 turn, and (b) 5 turn z-direction samples. 

 

The flexural modulus and strength were calculated the same way as per the longitudinal 

samples. Table 12 and Table 13 compare the flexural modulus, and flexural strength amongst the 

four different groups of specimens, respectively. Figure 59 helps on illustrating the 

improvement/difference on the results provided on the tables below for the z-direction samples.  

Table 12: Overall comparison amongst the flexural modulus for the z-direction samples. 

Samples Flexural Modulus (MPa) Standard Deviation (±) 

Raw 2010.11 41.08 

Hole 1899.02 85.96 

3 turn 1652.53 46.02 

5 turn 1919.93 51.21 

 

Table 13: Overall comparison amongst the flexural strength for the z-direction samples. 

Samples Flexural Strength (MPa) Standard Deviation (±) 

Raw 52.11 2.32 

Hole 46.15 2.80 

3 turn 46.15 0.85 

5 turn 58.20 1.80 
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(a) 

 

(b) 

Figure 59: Comparison of the (a) flexural modulus, and (b) flexural strength amongst all the z-

direction samples. The error bars represent the standard deviation of the mean 

Comparison amongst the z-direction samples 

Few comparisons were done amongst the z-direction samples to understand what the 

differences in mechanical properties for each type of specimen are. The first comparison is 

between the raw and hole sample. As mentioned before, these two samples had a very similar 

result, having negligible differences on the both flexural modulus and strength. The similarity can 

be seen in Figure 60, where both samples were plotted in the same graph using an axial load-stroke 

curve. The other comparison was done between the two reinforced samples. As mentioned earlier, 
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the 3 turn sample had a non-expected result. However, the 5 turn sample showed 25% 

improvement on the flexural strength when compared to the hole sample, for example. 

 

(a) 

 

(b) 

Figure 60: The axial load-stroke curve comparing the results of the 3 point bending tests for the 

(a) raw and hole samples, and for the (b) 3 turn and 5 turn for the z-direction samples. 

The reinforced samples showed the potential to improve the capability of 3D printed to 

withstand bending loads. Figure 61 quantifies that improvement by showing the difference in 

maximum flexural strength between the raw and the 5 turn samples on an axial load-stroke curve. 

The improvement between the raw, and 5 turn samples was found to be around 10% on the flexural 

strength. However, the highest improvement on the flexural strength was found to be between the 

hole, and 5 turn samples, with 25% improvement. 
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Figure 61: The axial load-stroke curve comparing the results of the 3 point bending tests for the 

raw, and 5 turn z-direction samples. 

4.2.3 Comparison between longitudinal and z-direction samples 

The following section will include comparisons between the two different printing 

orientation samples, longitudinal and z-direction. These comparisons will help on understanding 

the effects that different printing orientations have on the flexural modulus and flexural strength, 

and the effects that adding reinforcement to it has. The flexural modulus and flexural strength will 

be compared in order to quantify the change in the mechanical properties of the 3D printed parts. 

Raw and hole samples 

The first comparison is between the raw and hole samples. Figure 62 shows the results for 

the raw and hole samples, for both longitudinal and z-direction samples on an axial load-stroke 

curve. The two different printing orientation seemed to have similar mechanical properties. The 

longitudinal samples had flexural strength and flexural modulus of 55.61±2.69 MPa and 

1726.76±71.58 MPa for the raw sample, and 55.22±1.25 MPa, and 1769.37±73.83 MPa for the 

hole ones, respectively, while the z-direction samples had values of 52.11±2.32 MPa and 

2010.11±41.08 MPa for the raw, and values of 46.15±2.80 MPa and 1899.02±85.96 MPa for the 

hole samples, respectively. That modest difference on the flexural strength is related to the way 
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the samples were printed. During a 3 point bending test, the z-direction samples for example, have 

a lower flexural strength than the longitudinal samples because there is nothing reinforcing the 

bonding between layers, therefore, when a small crack is created, it can easily propagate through 

the entire cross section. However, for the longitudinal samples, if a crack is created, it will not 

propagate very easy through the sample because there will be a lot of filaments that need to be 

broken in order to the complete failure of the part occur. That is also the reason why the 

longitudinal samples could withstand a higher stroke than the z-direction samples. 

 

(a) 

 

(b) 

Figure 62: The axial load-stroke curve comparing the results of the 3 point bending tests between 

the (a) raw, and the (b) hole samples for the longitudinal and z-direction. 



113 

 

Reinforced samples 

The results for the 3 point bending tests for the 3 turn, and 5 turn samples are illustrated in 

Figure 63 by an axial load-stroke curve comparison. This second comparison shows that there was 

an increase on the flexural strength for both longitudinal, and z-direction samples when compared 

to the raw, and hole samples. However, the difference in torque did not seem to change the flexural 

strength of the samples. Once again, the results from the 3 turn z-direction sample were not 

expected. 

 

(a) 

 

(b) 

Figure 63: The axial load-stroke curve comparing the results of the 3 point bending tests between 

the (a) 3 turn, and (b) 5 turn samples for the longitudinal and z-direction. 
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Overall comparison amongst the bending tests 

Figure 64 shows the comparison for the flexural modulus, and flexural strength amongst all 

the samples used on the 3-point bending tests, which are the raw, hole, 3, and 5 turn samples for 

both longitudinal and z-direction printing orientation. The flexural modulus was almost the same 

for all the samples tested, meaning that either the printing orientation or the reinforcement used 

did not have an influence in it. The similarity on the flexural modulus can be explained by the fact 

that the hole that goes through the hole, 3, and 5 turn samples, is located on the neutral axis of the 

cross section, therefore it does not interfere either on the compression or the extension part of the 

beam tested. It can be proved by using the elastic beam theory, represented by equation (14) [121], 

for the two different geometries, meaning, using the second moment of area for the rectangle and 

for the circular geometry (metal rod) separately. It can be done by assuming the 3D printed ABS 

samples and the metal rods to be homogeneous and isotropic. It was found that for the same load 

applied, the deflection of the hole sample only represented 3.09% of the total deflection of the 

metal rod. Therefore, it can be stated that the metal rod had a negligible influence on the flexural 

modulus. 
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The flexural strength seemed to be affected by the presence of the metal rod where an 

improvement was obtained when comparing the raw and hole samples to the reinforced ones. This 

improvement can be explained due to the uniform compressive loads added to the sample, coming 

from the washers that would compress the samples as the nuts were tightened. The difference in 

mechanical behavior between the samples is explained in Figure 65, where it shows how the 

compressive load helped on the improvement of the flexural strength for the reinforced samples. 

Figure 65 shows that the compressive stress, 𝜎𝑐, shifts the stress distribution to the right, meaning 

that, in order to reach the same tensile stress, 𝜎𝑡, that was required to the sample to fail, there will 

need to have a higher deflection, therefore, requiring a higher load to be applied to the sample. 

 

(a) 

 

(b) 

Figure 64: The comparison of results from the 3-point bending tests for both longitudinal and z-

direction samples. It compares the (a) flexural modulus, and (b) flexural strength amongst all 

samples for both printing orientations. 
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Figure 65: The stress distribution showing the effects of the compressive loads applied on the 

reinforced samples and how it improved their flexural strength, assuming the rod has negligible 

effect on it. Figure (a) demonstrates the uniform distribution of the compressive loads applied 

from the washers through the tightening of the nuts; (b) stress distribution of the hole sample 

during the bending test at its failure point; (c) shows the effect of the compressive loads on the 

normal stress distribution of the hole sample; (d) the final stress distribution of the combined 

stresses applied to the reinforced samples. 

The result obtained from the 3 turn samples printed in the z-direction was not expected and 

the reason for it might be the different printing batch where the build plate might have suffered 

small displacements, therefore affecting on the printing repeatability. Another interesting fact on 

the tensile strength is that the z-direction samples seemed to have a lower tensile strength when 

compared to the longitudinal samples. It can be explained by the fact that when a crack initiates 

on the samples, it propagates easier on the z-direction samples than on the longitudinal ones, 

therefore any small uniformity on the samples could initiate a crack. 

4.3 Conclusion 

4.3.1 Tensile tests 

The tensile tests showed that when using the post tensioning technique on 3D printed ABS 

parts it can improve its mechanical properties, for both elastic modulus and tensile strength. 

However, there was not seen a great difference between the longitudinal and z-direction samples 

and that happened because when 3D printing on the longitudinal direction, some air gaps were 
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created at the radius of the dog bones during the printing process. Those spots weakened the parts 

and therefore the results were similar with the z-direction samples, while it was expected to have 

a higher mechanical property. 

The reinforcement provided a better performance under tension, however the difference in 

improvement when comparing the three different reinforced samples was negligible, since the 1 

turn, 3 turn, and 5 turn had almost the same results. Once again, the metal rods used were not much 

stronger when compared to the 3D printed plastic itself, they both have a very similar strength and 

could withstand almost the same load, due to the difference in the cross sectional area each had. It 

is important to mention that using a stronger material as a rod or with a larger area would not 

improve the mechanical properties of the 3D printed parts tested, since all the samples broke on 

the plastic. 

4.3.2 Bending tests 

The bending test showed that adding reinforcement to the samples did not affected on the 

flexural modulus, where both printing orientation had very similar results amongst all samples. 

However, the flexural strength seemed to slightly increase when comparing the 3, and 5 turn 

samples to the raw and hole ones. The small improvement on the flexural strength can be explained 

by the compressive loads that were applied onto the sample. The two different samples that had 

reinforcement, the 3 turn and 5 turn, did not show a lot of difference, showing that the amount of 

compression applied did not influence on the mechanical properties of the reinforced samples 

themselves. However, when compared to the unreinforced samples, a small improvement could be 

noticed. 
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It is also important to mention the difference on the stroke while testing the samples, where 

the longitudinal samples could withstand to a higher displacement when compared to the z-

direction ones. This can be explained by the fact that z-direction samples do not have a strong 

boding between each printed layer, differently than the longitudinal samples. If a crack is initiated 

on a longitudinal sample, for example, it would have to break through many strings of filaments 

in order to have the sample to fail, while for the z-direction samples there is no need for that, since 

the strings are not going through the cross sectional area. That explains why the longitudinal 

samples would withstand to longer displacements than the z-direction ones. 
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Chapter 5. Conclusion and Future Work 

The effects of adding coatings, and using the post tensioning technique, during the post 

manufacturing stage, were studied for FFF 3D printed parts. The coatings were used, trying to 

obtain an improvement on the sealing performance of parts manufactured using this type of 

technology. The post tensioning technique was done looking for better mechanical properties, 

including flexural and tensile strength. Therefore, getting as a result of the experiments, 3D printed 

parts to be functional when it comes to applications where sealing and higher mechanical 

properties are required. 

Chapter 3 showed that 3D printed parts can have a better sealing performance when the 

proper post processing technique is applied. Depending on the load applied, even using priming 

and spray painting seemed to be enough to seal the 3D printed part. However, for loads up to 

100 psi, the epoxy coating demonstrated to completely seal the part. The difference in sealing 

performance is clearly seen when comparing the raw to the epoxy coated sample, quantifying the 

improvement on the sealing performance. 

Chapter 4 helped on understanding the effect of the reinforcement to the mechanical 

properties of a 3D printed part. The tensile tests showed an improvement of 70%, and 97% on the 

tensile strength for the raw and 5 turn longitudinal, and z-direction samples, respectively. It was 

also shown an increase on the elastic modulus of 58%, and 45% respectively, to the longitudinal 

and z-direction samples, when comparing the same group of samples. The bending tests showed 

that adding the reinforcement on the neutral axis of the samples did not altered the flexural 

modulus. However, it did show an increase of 14%, and 12% on the flexural strength when 
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comparing the raw and the 5 turn samples for the longitudinal and z-direction samples, 

respectively. 

Those results proved that 3D printed parts can turn into a more functional part, specially, 

when it comes to sealing purposes and applications where a higher mechanical strength is required. 

Techniques like epoxy coating and post tensioning seemed to be a reliable way of doing it, with 

very consistent results. However, there are still improvements that could be done to this research. 

Next section will include ideas and options for future work related to this area. 

5.1 Future work 

The conclusions taken from the results of this study are believed to contribute on making 3D 

printed parts more functional. The topics below give ideas for future work that could help on 

making 3D printed parts to be used in a broader range of applications. 

• Apply the pressure test to 3D printed parts that have different shapes, including sharp 

corners, and more complex geometries. 

• Run the same experiments in a controlled temperature environment, to have a better 

understand of the behavior of 3D printed parts for temperatures different than the room 

temperature. 

• Use the Digital Image Correlation (DIC) on the tensile, and bending tests, to have a 

better understanding on how the parts break and on the elastic/plastic behavior of 3D 

printed parts. 

• Combine both experiments by creating a new pressure vessel able to fit cylinders 

reinforced if metal rods, looking for applications where both good sealing and 

mechanical properties are required. 
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Appendix A: 3D printing parameters 

The following images provide detailed information regarding the 3D printing parameters 

used for all prototypes in this study. The images were captured from the Ultimaker Cura in which 

was the slicing software used for the study. 

  

(a) (b) 

Figure A - 1: Parameters used to 3D print all prototypes in the research taken from the 

Ultimaker Cura. 
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(c) (d) 

Figure A - 1. Continued 

 

  



137 

 

 

 

(e) (f) 

Figure A - 1. Continued 
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Appendix B: Properties of the TC-1614 A/B epoxy 

The images below are the properties of the TC-1614 A/B epoxy used on the pressure vessel 

experiment. The images were obtained from the manufacture’s website (TC-1614 A/B, BJB 

Enterprises). 

 

Figure B - 1: Specifications of the epoxy (TC-1614 A/B, BJB Enterprises) used for the 

pressure vessel experiment [122].  
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Figure B - 1. Continued. 
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Figure B - 1. Continued. 
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Appendix C: Drawing package 

This section contains the drawing packages for the pressure vessel experiment, tensile, and 

3-point bending tests. 
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Appendix D: Codes written for processing data 

The codes written for processing the data obtained during the experiments are provided in 

Appendix D. It will be divided into two subsections where the first one provides condes for data 

processed in Chapter 3, and the second one provides the codes used on Chapter 4. 

Before providing the codes used to process the data, this following code was used to convert 

.log files into .xlsx files. 

function TxtCnvrt 

% Function made to create data .xlsx files from .txt files 

% The .xlsx files are created in the same folder as the .txt files. 

% This program is able to function with non-text files being present in the 

% folder with the text files. 

 

% Clear current workspace. 

clear 

 

% When the user clicks the "Load Image Folder," a window pops up to allow 

% them to select a folder where their images are held. The location of this 

% folder is saved. 

 

% If the user presses cancel, than an error message pops up stating "Load 

% Cancelled." 

flocation = uigetdir('C:\','Select Pictures Location'); 

     if flocation == 0 

        msgbox(sprintf('Load Cancelled'),'Error','Error'); 

        return 

 

    % If a folder is chosen, the location is saved as a string. 

    elseif flocation ~= 0 

 

        % Gets names of files in the folder. 

        FileListing = dir(flocation); 

        FileListingCell = struct2cell(FileListing); 

 

        % Determines number of files in the selected folder, and saves 

        % the names in a single-column cell array. NOTE: when MATLAB 

        % opens a folder, two non-existing files are always listed 

        % first, so the actual file names begin in the third column of 

        % FileListingCell. 

        [r,c] = size(FileListingCell); 

        FileNames = FileListingCell(1,3:c).'; 
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        % Initializing variables for a loop to delete file and folders. 

        i = 1; 

        j = 1; 

        DeleteArray = [0]; 

        FilesCounterArray = zeros(1,(c-2)); 

 

        % A while loop to check if folders and non-image files exist in 

        % the users chosen folder. If a folder or non-image file is 

        % found, it's position index is saved in the DeleteArray. 

 

        % For Folders: no extension will exist, so the remain variable 

        % will be empty. 

        % For non-text files: The extension of the file is checked 

        % against the txt extension. 

        while i < (c-1) 

            FileToCheck = FileNames(i); 

            FileToCheck = num2str(cell2mat(FileToCheck)); 

            RevFileToCheck = fliplr(FileToCheck); 

            [token,remain] = strtok(RevFileToCheck,'.'); 

            properToken = fliplr(token); 

            properRemain = fliplr(remain); 

            b = isempty(properToken); 

            d = lower(properToken); 

            if b == 1 

                DeleteArray(j) = i; 

                j = j + 1; 

            elseif (strncmp(d,'log',5)== 0) 

                DeleteArray(j) = i; 

                j = j + 1; 

            end 

            i = i + 1; 

        end 

 

        % if loop for deleting unwanted files and folders if they exist in 

        % the main folder. The DeleteArray variable is is flipped so the 

        % unwanted folders/files are deleted from the bottom to the top 

        % (otherwise the files are shifted up each time one is deleted). 

        % The original count of files, c, is modified accordingly. 

        k = 1; 

        if DeleteArray(1,1) > 0 

            revSubFoldersDelete = fliplr(DeleteArray); 

            [r3,c3] = size(revSubFoldersDelete); 

            c = c - c3; 

            for k = 1:c3 

                FileNames(revSubFoldersDelete(k)) = []; 

                FilesCounterArray(revSubFoldersDelete(k)) = []; 

                k = k + 1; 

            end 

        end 
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        % Checks if user's chosen folder is empty. Returns error message 

        % box if no files detected 

        if c < 3 

            msgbox(sprintf('No Files Detected in Selected Folder.\n')); 

            return 

        end 

    end 

 

% Take .txt out of the FileNames so that .xlsx can be added later when 

% saving the excel files. 

FileNames2 = strrep(FileNames,'.log',''); 

 

% While loop that utilizes the actxserver function to run excel, open text 

% files, and save the excel files. These actions are left invisible to the 

% user. 

    i = 1; 

    while i < (c - 1) 

        % Generates .txt file name to open 

        string = FileNames(i); 

        string = num2str(cell2mat(string)); 

        FileName = [flocation '\' string]; 

 

        % Excel automation - prompts excel to run 

        e = actxserver('Excel.Application'); 

 

        % Opens text file in excel with desired format: 

        % .OpenText(Filename, Origin, StartRow, DataType, TextQualifier, 

        % ConsecutiveDelimiter, Tab, Semicolon, Comma, Space, Other, 

        % OtherChar, FieldInfo) 

        % To change, use website for reference: 

        % https://msdn.microsoft.com/en-us/library/office/ff837097.aspx 

        invoke(e.Workbooks, 'OpenText',FileName,437,1,1,1,1,1,0,1); 

 

        % Make the first sheet active & change the name to 'Sheet1' 

        eSheets = e.ActiveWorkBook.Sheets; 

        eSheet1 = eSheets.get('Item',1); 

        eSheet1.Activate; 

        eSheet1.Name = 'Sheet1'; 

 

        % Generates .xlsx file name to save 

        string2 = FileNames2(i); 

        string2 = num2str(cell2mat(string2)); 

        FileName = [flocation '\' string2]; 

        FullFileName = [FileName '.xlsx']; 

 

        % Saves excel file in folder and ends excel session. 

        % Note: 51 refers to file format the file is saved in. The file 

        % format must be correct, or the file will save as a corrupted 

        % file. Excel 16 used orginally, and file format number may need to 

        % be changed with different Excel versions. 

        % To change, use website for reference: 
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        % https://msdn.microsoft.com/en-us/library/office/ff837097.aspx 

        invoke(e.ActiveWorkBook,'SaveAs',FullFileName,51); 

        Close(e.Workbooks); 

        Quit(e); 

        delete(e); 

        i = i + 1; 

    end 

end 

 

The following codes were used to process the data related to Chapter 3. 

• Plot Pressure vs Time: this code was used to the Pressure vs Time graph to all 

samples used on the pressure test. 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 8; 

    data_time= xlsread(data_files(i).name); 

    time = data_time(start_pt:end,1); 

    data_pressure= xlsread(data_files(i).name); 

    P = data_pressure(start_pt:end,2); 

    P = (P*10); 

    plot(time ,P) 

    set(gca,'FontSize',11) 

    xlim([0 300]) 

    ylim([0 110]) 

    hold on 

end 

%Set plot and saving parameters 

%Code used to all samples just changing the saving name according to sample 

xlabel('Time, sec','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Pressure, psi','FontSize',11,'FontName', 'Times New Roman'); 

legend('10psi','20psi','30psi','40psi','50psi','60psi','70psi','80psi','90psi','100psi

','Location','eastoutside') 

savefig('Raw_1 8') 
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saveas(gcf,'Raw_1 8','meta') 

 

• Code used to plot Figure 22. 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 8; 

    data_time= xlsread(data_files(i).name); 

    time = data_time(start_pt:end,1); 

    data_pressure= xlsread(data_files(i).name); 

    P = data_pressure(start_pt:end,2); 

    P = (P*10); 

    plot(time ,P) 

    set(gca,'FontSize',11,'XGrid','off','YGrid','on','YMinorGrid','on') 

    xlim([0 300]) 

    ylim([95 102]) 

    hold on 

end 

xlabel('Time, sec','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Pressure, psi','FontSize',11,'FontName', 'Times New Roman'); 

legend('Spray Painted Sample','Raw Sample','Epoxy Coated 

Sample','location','eastoutside') 

savefig('Combined_90_100_Plot') 

saveas(gcf,'Combined_90_100','meta') 
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• Code used to plot Figure 23 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

P2 = zeros(length(data_files),1); 

 

for i=1:length(data_files) 

    start_pt = 8; 

    data_time= xlsread(data_files(i).name); 

    time = data_time(start_pt:end,1); 

    data_pressure= xlsread(data_files(i).name); 

    P = data_pressure(start_pt:end,2); 

    P = (P*10); 

    P2(i) = data_pressure(start_pt,2); 

    P2 = (P2(i)*10) 

    plot(time ,(P-P2)) 

    set(gca,'FontSize',11,'XGrid','off','YGrid','on','YMinorGrid','on') 

    xlim([0 300]) 

    ylim([-3 1]) 

    hold on 

end 

 

xlabel('Time, sec','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Pressure drop, psi','FontSize',11,'FontName', 'Times New Roman'); 

legend('10psi','20psi','30psi','40psi','50psi','60psi','70psi','80psi','90psi','100psi

','Location','eastoutside') 

savefig('Raw_1 8') 

saveas(gcf,'Raw_1 8','meta') 
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• Code used to plot the Pressure after 5 min vs Set point pressure graph. 

 

clear all 

close all 

clc 

 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for Column=1:3 

   Array=1 

for File=Column:3:length(data_files) 

 

    start_pt = 8; 

    data_time= xlsread(data_files(File).name); 

    time = data_time(607,1); 

    data_pressure= xlsread(data_files(File).name); 

    P(Array,Column)= data_pressure(607,2)*10; 

   Array=Array+1 

end 

 

end 

t=(10:10:100) 

   bar(t,P) 

   set(gca,'FontSize',11) 

   ylim([0 110]) 

   xlim([0 110]) 

   set(gca, 'YGrid', 'on','YMinorGrid','on','XGrid', 'off') 

 

 

xlabel('Set point pressure, psi','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Pressure after 5 min, psi','FontSize',11,'FontName', 'Times New Roman'); 

legend('Raw','Spray Painted','Epoxy Coated','location','eastoutside') 

savefig('Combined') 

saveas(gcf,'Combined','meta') 
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The following codes were used to process the data related to Chapter 4, starting with the 

codes to process the data related to the tensile tests. 

• Code used to plot Stress vs Strain curves of tensile tests. 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

    fig=figure(); 

    Turn1Axes = axes(); 

    grid on 

    grid minor 

    set(Turn1Axes,'FontSize',11) 

    xlim(Turn1Axes,[0 50]) 

    ylim(Turn1Axes,[0 550]) 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = ((load*1000)/2.84); %2.84 is equal to the crossectional area of the metal 

rod 

    plot(stroke ,load) 

    set(gca,'FontSize',11) 

    xlim([0 0.05]) 

    ylim([0 2000]) 

    grid on 

    grid minor 

    hold on 

end 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend('Metal rod-sample01','Metal rod-sample02','Metal rod-sample03','Metal rod-

sample04','Metal rod-sample05','Location','eastoutside') 

saveas(gcf,'Tensile_Metal rod_Stress_Strain','meta') 

saveas(gcf,'Tensile_Metal rod_Stress_Strain.png') 
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• Code used to generate plots comparing the elastic modulus/tensile strength/flexural 

modulus/flexural strength amongst all the samples tested (i.e. Figure 34). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

A = categorical({'Raw';'Hole';'1turn';'3turn';'5turn'}); 

B = reordercats(A,{'Raw';'Hole';'1turn';'3turn';'5turn'}) 

data = [1011.3 1068.3 1569.3 1592.7 1585.1]'; 

errhigh = [45.1 22.3 54.2 32.6 76.6]; 

errlow  = [45.1 22.3 54.2 32.6 76.6]; 

 

bar(B,data,'barwidth',0.3) 

set(gca, 'YGrid', 'on', 'XGrid', 'off') 

grid minor 

hold on 

 

er = errorbar(B,data,errlow,errhigh); 

er.Color = [0 0 0]; 

er.LineStyle = 'none'; 

 

hold on 

 

ylabel('Elastic Modulus, MPa','FontSize',11,'FontName', 'Times New Roman'); 

savefig('Elastic Modulus') 

saveas(gcf,'Elastic Modulus','meta') 

saveas(gcf,'Elastic Modulus.png') 

  



160 

 

• Code used to plot a Stress vs Strain comparing the results of the raw and hole 

samples (i.e. Figure 36). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(3)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load1 = ((load*1000)/182.93); 

    load2 = ((load*1000)/190); 

 

    if NumTurns == 72 

        h_1=plot(stroke ,load1,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 82 

        h_2= plot(stroke ,load2,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], 'Hole-samples', 'Raw-

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_Raw vs Hole_Stress_Strain') 

saveas(gcf,'Tensile_Raw vs Hole_Stress_Strain','meta') 

saveas(gcf,'Tensile_Raw vs Hole_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the raw and 5 turn 

samples (i.e. Figure 37). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(3)); 

    NumTurns2 = str2double(data_files(i).name(3)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load1 = ((load*1000)/185.47); 

    load2 = ((load*1000)/190); 

 

    if NumTurns2 == 5 

        h_1=plot(stroke ,load1,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 82 

        h_2= plot(stroke ,load2,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], '5turn-samples','Raw-

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_1turn_Stress_Strain') 

saveas(gcf,'Tensile_Raw vs 5turn_Strain','meta') 

saveas(gcf,'Tensile_1turn_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the reinforced samples 

(i.e. Figure 38). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = str2double(data_files(i).name(3)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = ((load*1000)/185.47); 

 

    if NumTurns == 3 

        h_1=plot(stroke ,load,'r') 

set(gca,'FontSize',11) 

    hold on 

    elseif NumTurns == 5 

   h_2= plot(stroke ,load,'k') 

  set(gca,'FontSize',11) 

    hold on 

    end 

    end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], '3turn-samples', '5turn-

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_1turn_Stress_Strain') 

saveas(gcf,'Tensile_3turn vs 5 turn_Stress_Strain','meta') 

saveas(gcf,'Tensile_3turn vs 5 turn_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the raw, 1 turn, and 5 

turn samples (i.e. Figure 39). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(3)); 

    NumTurns2 = str2double(data_files(i).name(3)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load1 = ((load*1000)/185.47); 

    load2 = ((load*1000)/190); 

 

    if NumTurns2 == 1 

        h_1=plot(stroke ,load1,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns2 == 5 

        h_2= plot(stroke ,load1,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 82 

        h_3= plot(stroke ,load2,'b'); 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1),h_3(1)], '1turn-samples', '5turn-samples', 'Raw-

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_Raw vs 1 turn vs 5 turn_Stress_Strain') 

saveas(gcf,'Tensile_Raw vs 1 turn vs 5 turn_Stress_Strain','meta') 

saveas(gcf,'Tensile_Raw vs 1 turn vs 5 turn_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the raw/and hole 

samples of the two different printing orientation (i.e. Figure 48). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(1)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = ((load*1000)/190); 

    if NumTurns == 76 

        h_1=plot(stroke ,load,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 90 

        h_2= plot(stroke ,load,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 90 

        h_3= plot(stroke ,load,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 90 

        h_4= plot(stroke ,load,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], 'Raw-Longitudinal samples', 'Raw-Z direction 

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_Raw vs Hole_Stress_Strain') 

saveas(gcf,'Tensile_Raw vs Hole_Stress_Strain','meta') 

saveas(gcf,'Tensile_Raw vs Hole_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the reinforced samples 

of the two different printing orientation (i.e. Figure 49). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(1)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = ((load*1000)/185.47); 

 

    if NumTurns == 76 

        h_1=plot(stroke ,load,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 90 

        h_2= plot(stroke ,load,'k') ; 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], '5 turn-Longitudinal samples', '5 turn-Z direction 

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_1turn_Stress_Strain') 

saveas(gcf,'Tensile_5turn Comparison_Stress_Strain','meta') 

saveas(gcf,'Tensile_5turn Comparison_Stress_Strain.png') 
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• Code used to plot a Stress vs Strain comparing the results of the raw and reinforced 

samples of the two different printing orientation (i.e. Figure 50). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns2 = str2double(data_files(i).name(1)); 

    stroke = data_stroke(start_pt:end,3); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load1 = ((load*1000)/185.47); 

    load2 = ((load*1000)/190); 

    if NumTurns2 == 1 

        h_1=plot(stroke ,load1,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns2 == 2 

        h_2= plot(stroke ,load2,'r'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns2 == 3 

        h_3= plot(stroke ,load1,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns2 == 4 

        h_4= plot(stroke ,load2,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 0.05]) 

    ylim([0 60]) 

    grid on 

    grid minor 

    hold on 

xlabel('Strain, mm/mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Stress, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_3(1)], 'Longitudinal samples','Z direction 

samples','Location','eastoutside','FontName','Times New Roman') 

saveas(gcf,'Tensile_Raw vs 5turn_Strain','meta') 

saveas(gcf,'Tensile_1turn_Stress_Strain.png') 
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• Code used to plot an overall comparison between elastic modulus/tensile strength 

for all samples of the two different printing orientation (i.e. Figure 51). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

 

data1 = [1111.11 1092.78 1510.44 1624.44 1616.00]'; 

errhigh1 = [38.67 10.64 54.46 25.90 38.61]'; 

errlow1  = [38.67 10.64 54.46 25.90 38.61]'; 

 

data2 = [1011.33 1068.33 1574.67 1592.67 1593.89]'; 

errhigh2 = [45.10 22.30 58.77 32.60 82.22]'; 

errlow2  = [45.10 22.30 58.77 32.60 82.22]'; 

 

data = [data1,data2]; 

errhigh = [errhigh1,errhigh2]; 

errlow  = [errlow1,errlow2]; 

 

bar(data,'barwidth',1) 

set(gca, 'YGrid', 'on', 'XGrid', 'off') 

grid minor 

hold on 

 

ngroups = size(data,1); 

nbars = size(data,2); 
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groupwidth = min(1, nbars/(nbars + 1.5)); 

 

for i = 1:nbars 

    x = (1:ngroups) - groupwidth/2 + (2*i-1) * groupwidth/(2*nbars); 

    er = errorbar(x,data(:,i),errlow(:,i),errhigh(:,i),... 

        'XDataMode','manual',... 

        'Color',[0 0 0],... 

        'LineStyle','none'); 

end 

 

hold on 

 

ylabel('Elastic Modulus, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend('Z direction samples','Longitudinal samples','Location','eastoutside') 

savefig('Flexural Modulus') 

saveas(gcf,'Flexural Modulus','meta') 

saveas(gcf,'Flexural Modulus.png') 
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The following codes were used to process the data from the 3-point bending tests. 

• Code used to plot Axial load vs Stroke curves of 3-point bending tests. 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    stroke = data_stroke(start_pt:end,1); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = (load*(-1000)); 

    stroke = (stroke*(-1)); 

    plot(stroke ,load) 

    set(gca,'FontSize',11) 

    xlim([0 50]) 

    ylim([0 550]) 

    grid on 

    grid minor 

    hold on 

end 

xlabel('Stroke, mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Axial load, N','FontSize',11,'FontName', 'Times New Roman'); 

legend('Raw-sample01','Raw-sample02','Raw-sample03','Raw-sample04','Raw-

sample05','Location','eastoutside') 

savefig('Bending_Raw') 

saveas(gcf,'Bending_Raw','meta') 

saveas(gcf,'Bending_Raw.png') 
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• Code used to plot the comparison of flexural modulus/flexural strength amongst all 

samples. 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

A = categorical({'Raw';'Hole';'3turn';'5turn'}); 

B = reordercats(A,{'Raw';'Hole';'3turn';'5turn'}) 

data = [1726.76 1769.37 1858.50 1823.74]'; 

errhigh = [71.58 73.83 85.6 100.96]; 

errlow  = [71.58 73.83 85.6 100.96]; 

 

bar(B,data,'barwidth',0.3) 

set(gca, 'YGrid', 'on', 'XGrid', 'off') 

grid minor 

hold on 

 

er = errorbar(B,data,errlow,errhigh); 

er.Color = [0 0 0]; 

er.LineStyle = 'none'; 

 

hold on 

 

ylabel('Flexural Modulus, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend('Longitudinal samples','Z direction samples','Location','eastoutside') 

saveas(gcf,'test','meta') 
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• Code used to plot Axial load vs Stroke comparing the results obtained for each 

printing orientation on the 3-point bending tests (i.e. Figure 56). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data_files = dir('*.xlsx'); 

 

for i=1:length(data_files) 

    start_pt = 6; 

    data_stroke= xlsread(data_files(i).name); 

    NumTurns = double(data_files(i).name(5)); 

    NumTurns2 = str2double(data_files(i).name(5)); 

    stroke = data_stroke(start_pt:end,1); 

    data_load= xlsread(data_files(i).name); 

    load = data_load(start_pt:end,2); 

    load = (load*(-1000)); 

    stroke = (stroke*(-1)); 

 

if NumTurns2 == 5 

        h_1=plot(stroke ,load,'k'); 

        set(gca,'FontSize',11) 

        hold on 

    elseif NumTurns == 82 

        h_2= plot(stroke ,load,'r') ; 

        set(gca,'FontSize',11) 

        hold on 

    end 

end 

    xlim([0 50]) 

    ylim([0 550]) 

    grid on 

    grid minor 

    hold on 

xlabel('Stroke, mm','FontSize',11,'FontName', 'Times New Roman'); 

ylabel('Axial load, N','FontSize',11,'FontName', 'Times New Roman'); 

legend([h_1(1), h_2(1)], '5 turn-samples', 'Raw-

samples','Location','eastoutside','FontName','Times New Roman') 

savefig('Tensile_1turn_Stress_Strain') 

saveas(gcf,'Tensile_1turn_Stress_Strain','meta') 

saveas(gcf,'Tensile_1turn_Stress_Strain.png') 
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• Code used to plot the comparison of flexural modulus/flexural strength amongst all 

samples of the two different printing orientation (i.e. Figure 64). 

 

clear all 

close all 

clc 

% Set default plot properties 

set(0,'defaultfigurecolor',[1 1 1]) 

set(0,'defaultAxesFontName', 'Times New Roman'); 

set(0,'defaultTextFontName', 'Times New Roman'); 

set(0,'defaultAxesFontSize',11); 

set(0,'defaultTextFontSize',11); 

 

% Set Figure Size 

Width=17; %Centimeters 

Height=6; %Centimeters 

get(0,'ScreenSize'); 

set(0,'Units','centimeter'); 

a=get(0,'ScreenSize'); 

set(groot, 'defaultFigureUnits','centimeters'); 

set(groot, 'defaultFigurePosition',[5,5,Width,Height]); 

data1 = [1726.76 1769.37 1858.50 1823.74]'; 

errhigh1 = [71.58 73.83 85.60 100.96]'; 

errlow1  = [71.58 73.83 85.60 100.96]'; 

 

data2 = [2010.11 1899.02 1652.53 1919.93]'; 

errhigh2 = [41.08 85.96 46.02 51.21]'; 

errlow2  = [41.08 85.96 46.02 51.21]'; 

 

data = [data1,data2]; 

errhigh = [errhigh1,errhigh2]; 

errlow  = [errlow1,errlow2]; 

 

bar(data,'barwidth',1) 

set(gca, 'YGrid', 'on', 'XGrid', 'off') 

grid minor 

hold on 

 

ngroups = size(data,1); 

nbars = size(data,2); 
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groupwidth = min(1, nbars/(nbars + 1.5)); 

 

for i = 1:nbars 

    x = (1:ngroups) - groupwidth/2 + (2*i-1) * groupwidth/(2*nbars); 

    er = errorbar(x,data(:,i),errlow(:,i),errhigh(:,i),... 

        'XDataMode','manual',... 

        'Color',[0 0 0],... 

        'LineStyle','none'); 

end 

 

hold on 

 

ylabel('Flexural Modulus, MPa','FontSize',11,'FontName', 'Times New Roman'); 

legend('Longitudinal samples','Z direction samples','Location','eastoutside') 

savefig('Flexural Modulus') 

saveas(gcf,'Flexural Modulus','meta') 

saveas(gcf,'Flexural Modulus.png') 

 

 


