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ABSTRACT 
 

 

Rapid prototyping is an innovative and powerful technology used for direct layer-by-layer 

fabrication of parts from a 3D computer model. Fused Deposition Modeling (FDM) is the most common 

and simplest technique in 3D printing technology. Fused Deposition Modeling technology has attracted 

many researchers, especially those interested in its biomedical applications in custom-made implants, 

tissue and cell printing and the dental industry. Polycaprolactone (PCL) is both biocompatible and 

biodegradable and generally used in fabrication of scaffolds in tissue engineering using FDM 

technology. Although there are reports on impact of different process parameters on parts performance 

of Polylactic Acid (PLA) using FDM technology there is no study about the effect of process parameters 

on 3D printed PCL parts. Therefore, in this thesis, we report the effects of 3D-printing parameters such 

as nozzle temperature and flow rate on a polycaprolactone tensile specimen fabricated by fused 

deposition modeling. Printrbot Simple metal heated bed 3D printer was used to optimized with 

polycaprolactone. Seven nozzle temperatures (115°C, 125°C,135°C,145°C, 155°C, 165°C and 175°C) 

and with optimized nozzle temperature remain constant six different flow rates (100% [2.2 mm3/s , 105% 

[2.31 mm3/s],  115% [2.53 mm3/s], 125% [2.75 mm3/s 135% [2.97 mm3/s ] and 145% [3.19 mm3/s ]) 

were tested to determine optimal parameters. Also with optimal printing condition remaining constant 

various process parameters such as infill density, layer height, and shell perimeters were investigated to 

find the optimal process parameters. The result suggested nozzle temperature of 165°C and flow rate of 

135% results in a defect free PCL 3D printed test specimen and infill density of 90%, layer height of 0.1 

mm and shell perimeter of 2 produce the strongest test specimen. Therefore, these data can assist 

designers to better understand the behavior of 3D-printed PCL material. 
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CHAPTER 1: INTRODUCTION 

 

 Background to the Study 

Rapid prototyping (RP) is defined as a set of technologies that produce three-dimensional (3D) 

objects based on design data with the aid of a computer [1]. The common materials used in RP equipment 

are varied depending on the type of technology from polymer (synthetic or natural) [2] to ceramics [3] 

and metals [4]. Rapid prototyping process begins by drawing the model in any CAD professional 

software, followed by slicing the model layer by layer, generating the g-code and finally 3D printing the 

part  [5]. There are different types of additive manufacturing technologies, however, the most common 

types are Fused Deposition Modeling (FDM) [6], Stereolithography (SLA) [7], Selective Laser Melting 

(SLA) [8]. Additive manufacturing technologies also referred to as 3D printing. 3D printing has 

contributed to many industries such as automotive, aerospace and biomedical fields. Freedom of design 

and limited material selection are some of advantage and limitation in 3D printing. 3D printing in 

biomedical industry has a wide range of applications in consumer goods and medical prosthesis. The 

applications include the production of customized hearing aids, dental crown bridges, surgical 

instruments [9], artificial joints [10] and artificial hips [11] and tissue and cell printing [12]. 

Polylactic acid is a polymer that is both biocompatible and biodegradable used in FDM 3D 

printing technology for biomedical devices. Therefore, within the last decade, there has been significant 

research using FDM technology as opposed to traditional methods in biomedical applications such as 

tissue engineering. Tissue engineering aims to regenerate or repair damaged or lost tissues using stem 

cells, a scaffold and a growth factor. An ideal scaffold is necessary to achieve this goal [13]; therefore, 

developing scaffolds that resemble tissue extracellular matrix is necessary. FDM technology has 
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contributed to tissue engineering by helping researchers fabricating different types and shapes of 

scaffold. 

With advancements in material technology, medical devices have benefitted from different types 

of materials such as different polymers. The most common polymers that can be used in FDM technology 

are polyethylene, polypropylene, polyamide, ABS, polyester, polycarbonate and polycaprolactone. 

However, among these materials only a few such as polylactic acid and polycaprolactone are both 

biodegradable and biocompatible, therefore they have the potential to be used in biomedical devices that 

require these properties. Fabricated 3D printed part using aforementioned polymers result in different 

mechanical properties from those of materials manufactured using traditional methods such as injection 

molding or Computer Numeric Control (CNC). Even though polycaprolactone has been studied in tissue 

engineering, there have been limited studies in regard of effect of process parameter on the mechanical 

property of PCL 3D printed parts. Rapid prototype failure could be a major issue, especially in 

biomedical applications. Therefore, a good understanding of a material’s physical properties greatly 

enhances a designer’s confidence in developing more reliable objects.  

1.2 Motivation 

Rapid prototyping is used in many fields such as aerospace, automotive and medical fields. 

Accurate understanding of mechanical behavior of materials is a critical requirement for any industry 

that uses RP, especially the biomedical field. In the biomedical field, much research has been conducted 

to investigate the effects of different parameters on the strength of different thermoplastic polymers such 

as Polylactic Acid (PLA) Acrylonitrile Butadiene Styrene (ABS) using FDM technology. However, 

Polycaprolactone (PCL) which is one the material that is both biocompatible and biodegradable with the 

melting temperature of 60°C which makes it an ideal material for FDM technology hasn’t gained lots of 

attention by researchers. Examining the literature shows that there have been no studies on the effect of 
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different process parameters on mechanical properties of PCL made parts by a 3D printer using FDM 

technology. Thus, there is a need for further research in this area because these properties will assist 

designers to better understand the properties of 3D-printed PCL. In order to accomplish our objective, 

the specific aims of the thesis are as follows: 

1.3 Study Objective 

Specific Aim 1: Optimize 3D printing parameters to fabricate a defect-free polycaprolactone 

tensile specimen. 

Specific Aim 2: Study the impact of process parameters on mechanical properties of 3D printed 

polycaprolactone parts. 

1.4 Thesis Outline  

This thesis is divided into four chapters. Chapter 1 presents the introduction, and Chapter 2 presents 

the literature review, and its applications and limitations. Chapter 3 presents thesis. In Chapters 4, future 

research is discussed. 
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CHAPTER 2: LITERATURE REVIEW 

 

 

2.2  Introduction to 3D Printing 

Rapid prototyping, also known as additive manufacturing or 3D printing [14], is described as a 

quick process for creating a prototype based on design data with the aid of a computer [1]. Since the 

introduction of 3D printing technology in the 1980s, the term “3D printing” has been used in many 

industries such as the automotive [15], aerospace [16], electronics and biomedical [17] industries. 3D 

printing was developed in the 1980s when Charles W. Hull invented the early 3D printing prototype 

called Stereolithography (SLA), which was based on laser technology and a photo-curable polymer. 

Since then, many other scientists and researchers have been developing other forms of 3D printing 

technologies such as SLS by Deckard [18], FDM by Crump [18] and many other technologies.  

2.2.1 The Rapid Prototyping Process 

Rapid prototyping involves steps starting from creating a 3D-model CAD file to 3D printing the 

final object. Gibson, in his work entitled “Additive Manufacturing Technology” [5], summarized the 

process as follows: 

Step 1: CAD – To start the process, all parts should start from a software that describes the 

geometry of the model. Any professional CAD solid-modeling software can be used.                                       

Step 2: Conversion of the model into an STL file – Most CAD softwares are capable of 

converting the model into an STL-file format, which has been the standard for 3D printers. There 

is variety of 3D-printing slicer software available on the market. Some of them are Cura, Slic3r, 

Repetier and FreeCAD [19].  
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Step 3: Transfer of the STL file to an Additive Manufacturing Machine and manipulation of the 

STL file – The STL file must be transferred to the machine. At this stage, it may be necessary to 

change the file to the correct size, position and orientation. 

Step 4: Machine Setup – At this stage, the machine must be set up prior to the building process. 

Parameters that must be set are layer thickness, nozzle and bed temperature, infill density, etc. 

Step 5: Building – This step is mainly an automated process, and the machine can carry on with 

minimal human control; however, the only human contribution required for this stage is making 

sure that the machine has enough material and reliable power.    

Step 6: Removal – Once the machine has completed the 3D object, the object must be removed 

for the machine. 

Step 7: Post-processing – At this stage, the completed object may require additional cleaning up 

or removing the support material, which may require more time and attention. 

Step 8: Application – At this stage, the part is ready to use; however, the part may require 

additional treatment such as priming and painting depending on its usage. 

2.2 Additive Manufacturing Technology 

There have been several types of additive manufacturing technologies such as Stereolithography 

(SLA), Digital Light Processing (DLP), Fused Deposition Modeling (FDM), Selective Laser Sintering 

(SLS), Selective Laser Melting (SLM), Electronic Beam Melting (EBM) and Laminated Object 

Manufacturing (LOM). However, in recent times few technologies such as FDM, SLA, SLS, and LOM 

have gained commercialized significance by different industries and researchers [4]. 
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2.2.1 Fused Deposition Modeling 

Fused deposition modeling (FDM) [6] is the most common and simplest techniques in 3D 

printing technology that was developed by Stratasys in 1989. Fused deposition modeling uses a wide 

range of thermoplastics, such as ABS, nylon, PLA and their blends [20]. The FDM process starts when 

a thermoplastic filament is melted in a liquefier at a temperature above its melting point and then pushed 

through a nozzle of a given diameter. As the nozzle moves, the molten thermoplastic filament is 

deposited layer by layer in the horizontal direction on a heated bed (figure 2.1). Once the first layer is 

printed, the nozzle starts printing the second layer on top of preceding layer and continuing until the 

completion of the objects. 

 

FIGURE 2.1. Fused Deposition Modeling Technology. 
 (Image courtesy: http://www.custompartnet.com/wu/fused-deposition-modeling) 
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2.2.2 Stereolithography 

Stereolithography (SLA) [7, 21] is a method of 3D printing that uses laser and a photo-curable 

liquid resin. It was developed by Charles W. Hull in the 1980s and is commonly called the first 

commercial 3D printer. The SLA process begins when the liquid resin is filled in the vat of the 3D printer 

and the elevator table set just below the surface of the liquid resin (figure 2.2). Then the optical scanning 

system that is controlled by a microchip directs the laser beam to solidify the resin in appropriate areas. 

The elevator tables then lower and the laser draws the next layer; this process continues building a part 

from the bottom up until the part is finished. There are various materials that can be used using SLA 

technology giving a wide range of properties, for example  “3D system company” specialized in SLA 

technology sells various inks that provide similar properties to thermoplastics counterparts, although 

composition of these ink haven’t been disclosed, they’ve classified these material based on properties 

such as Polypropylene-like class, Tough/Durable class, ABS-like class, class, casting class, and high-

temperature and composite class [22]. 
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FIGURE 2.2. Stereolithography Technology. 
(Image Courtesy: http://www.solidsmack.com/fabrication/stereolithogrphy-110-micron-old-world-

laboratories-nano-3d-printer/)  

   

2.2.3 Selective Laser Sintering 

 Selective laser sintering (SLS) is a method of 3D printing developed and patented in 1999 by Dr. 

Carl Deckard. It uses laser to sinter a powdered material by fusing the powder to form a solid mass [8]. 

Selective laser sintering is similar to SLA in that both use laser to solidify a material. However, in SLS, 

the material that the high-energy laser fuses is in powder form. The high-energy laser selectively fuses 

a section of a powder material according to customer specification, and then a new layer of powder is 

deposited on top as the entire bed drops and the laser does another sweep, fusing the single layered 

powder until the part is finished [4]. 
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FIGURE 2.3. Selective Laser Sintering Technology. 
(Image Courtesy: http://www.custompartnet.com/wu/selective-laser-sintering) 

2.2.4 Laminated Object Manufacturing (LOM)   

One of the earliest AM technologies was the Laminated Object Manufacturing (LOM) system 

from Helisys, USA. This technology used a laser to cut out profiles from sheet paper, supplied from a 

continuous roll, which formed the layers of the final part. Layers were bound together using a heat-

activated resin that was coated on one surface of the paper. Once all the layers were bound together, the 

result was very like a wooden block. A hatch pattern cut into the excess material allowed the user to 

separate away waste material and reveal the part [5]. 
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FIGURE 2.4. Laminated Object Manufacturing  
(Image Courtesy: http://www.custompartnet.com/wu/laminated-object-manufacturing)  

 

2.2.5 Advantages of 3D Printing 

 Many fields have been benefited from 3D printing technology. The advantages of 3D printing 

have been summarized below: 

1. Freedom of design: 3D printing can produce any shape of any complexity at a fraction of the cost 

compared with traditional methods.  

2. Reduction of fabrication time: A 3D printer can produce objects relatively faster than traditional 

methods such as CNC [9].  

3. Assist in prototyping: 3D printing can assist in detecting errors and flaws at an early stage of 

production [23]. For example, by 3D-printing a prototype, designers and engineers can detect any 

flaws before the production of any parts. 
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4. Waste reduction: 3D-printing a prototype can significantly reduce material waste as the price of the 

material is relatively cheaper than traditional methods. 

5. Eliminate tooling: The 3D printing process, unlike traditional methods, does not require tooling as 

3D printers are capable of quickly producing complex solid objects directly from a computer model 

without the need for tools [24].  

2.2.6 Limitations of 3D Printing 

Even though 3D printing has contributed to the many fields; however, there are still some 

limitations which need to be addressed and further researched to overcome them. 

1. Poor surface finish: Since their surface is usually rougher than machined surfaces, 3D-printed 

objects could have a poor surface finish [25].  

2. Limited material selection: Three-dimensional printers are limited in material selection. For 

example, FDM technology is limited to materials that fall within the temperature of nozzle, 

therefore very limited materials are available given the range of melting point. 

3. Anisotropic property: The strength of RP parts is weaker in the Z-direction than in other directions 

or the printed objects are anisotropic [26, 27]; therefore, the accuracy of 3D printing in the Z-

direction is typically worse than that in either the X- or Y-direction [28].  

2.2.7 Applications of 3D Printing 

Rapid prototyping has been widely used in many industries such as the automotive, aerospace 

and electronics industries [27]. In this section, we review some of the 3D printing applications using 

different technologies. 

One of the advantages of using FDM technology is geometric flexibility in the design. Bourell and 

coworkers studied the design of an intake manifold for a formula SAE car using FDM technology and a 
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composite material. The freedom in the design helped the researchers to create a unique geometry that 

featured a tapered plenum and tapered runners. The results suggested that the new design provided more 

torque and reduced total pressure drop [29].  

Rapid realization of designs without going through conventional techniques such as machining or 

photolithography is one of the advantages of 3D printing. Liang and coworkers investigated the design 

and fabrication of a 3D printed microwave patch antenna. A microstrip patch antenna working around 

7.5 GHz  3D printed using FDM technology. The results presented a good resonance peak at 7.5 GHz, 

which was similar to a conventional method [30].  

Gas chromatography (GC) is a technique that is used to distinguish different molecular compounds 

and is usually composed of an injection unit, a separation column, and a non-selective gas sensor. The 

design of GC the column is a critical aspect in GC. Lucklum and coworkers designed and fabricated a 

miniature separation column for a compact, mobile gas chromatography using the SLA technique. The 

results suggested that a 3D-printed column when compared to rectangular geometry fabricated in silicon 

showed improved separation capabilities due to design freedom in 3D printing technology that helps 

create 3D printed column with round cross-section geometry and subsequently optimizing the design. 

Therefore, 3D printing is one of the techniques that should be considered for further research in this area 

[31].   

The ability of a researcher to choose the right 3D-printing technology is very important in 

aerodynamic testing. Olasesl and Wiklak manufactured four models of a standard NACA0018 aerofoil 

for aerodynamic testing in different methods (Multi Jet Modeling (MJM), SLS and FDM). The results 

showed that surface roughness in MJM method is the lowest, while surface roughness is higher in FDM, 

also suggested small holes quality is worse in SLS and better in MJM while it was omitted from design 

for FDM due to its limitation. Therefore, it was possible to 3D-print small holes with a very high length-
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to-diameter ratio as well as a very small object. However, certain 3D-printed models such as FDM 

technology are not yet suitable for small dimensions holes[15]. 

With the advancement in the precision of 3D-printing technology, especially SLA, scientists have 

investigated fabrication of microfluidics. Using SLA, Kanai and Tsuchiya fabricated microfluidic 

devices with 3D flow channels and three coaxially cylindrical channels [32]. Hydrophilic silica coating 

was used to control the wettability’s of oil-in-water-in-oil (O/W/O) channels. Silicone oil was also used 

for the inner and outer phases, and ultrapure water and a surfactant as a middle water phase. The results 

suggested that monodisperse O/W/O double emulsion could be generated by the fabricated device with 

precise control of the size and number of the encapsulated droplets. Therefore, the authors concluded 

that this method could potentially be useful in drug delivery, food, etc [32]. 

2.3 3D Printing for Biomedical Applications 

3D printing in the biomedical industry has a wide range of applications in consumer goods and 

medical prosthesis. The applications include the production of customized hearing aids, dental crown 

bridges, surgical instruments [9], artificial joints [10] and artificial hips [11] and tissue and cell printing 

[12]. 

2.3.1 Dental Industry 

Orthodontics in dental industry has benefited from rapid prototyping. One of the areas that have 

benefitted from 3D printing is bracket production and positioning. Using a stereolithography 3D printer, 

bracket production and positioning are fused together as one unit [33].  Creation of 3D physical models 

of a patient’s skull and other structures gives an oral surgeon a realistic impression of structures before 

surgery. This method helps in minimizing the extra-oral time and injury while translating teeth [33]. 

Another application of 3D printing in dental industry is implant surgery simulation. The author of a paper 

entitled “Rapid Prototyping Mandible Model for Dental Implant Surgery Simulation” investigated the 
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usage of Polyjet technology in production of a real-mandible model for implant surgery simulation. The 

result suggested that 3D printing technology can produce a real mandible to guide researchers and dental 

surgeons to simulate a surgery [34].   

With the advancement of 3D printing technology, dental laboratories are now looking for ways to 

save cost and increase the quality of their products. Using ultraviolet light technology to cure resin, 

authors of the paper entitled “New Design for Rapid Prototyping of Digital Master Casts for Multiple 

Dental Implant Restorations” produced dental casts without analogs and compared them with a 

conventional master cast. The results showed a faster, more accurate and lower-cost process with higher 

quality. Therefore, it is possible to use the rapid prototyping technology to produce digital dental casts 

to reduce cost and improve quality [35].  

2.3.2 Prosthesis 

3D printing technology has benefitted prosthesis fabrication by reducing the time needed to obtain 

patient-specific anatomical structure image which leads to patient-specific need such as size and shape 

of the design. Jardini and coworkers studied the potential of additive manufacturing in treating a patient 

with a cranial defect. A 3D scan of a patient’s skull with a cranial defect was obtained and sliced, then a 

cranial section was successfully 3D-printed using direct metal laser sintering (DMLS) with Titanium 

Ti64 ELI material. The result indicated that DMLS technique has potential in the production of patient-

specific implant [36]. A factor that plays a vital role in knee implant is kinematics and retropatellar 

pressure. Shroder et al. compared the effect of 3D printed prostheses made of photo-polymerized rapid 

prototype material with that made of cobalt-chromium alloy prostheses as a validation standard by 

measuring the sliding friction and knee kinematics and retropatellar pressure on a knee rig [37]. The 

result showed that prostheses obtained using 3D printing technology are comparable to standard 

prostheses.  
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Customization in 3D printing is one of the advantages over traditional methods. Fan et al. 

investigated the manufacture of customized titanium prostheses for limb salvage surgery using electron 

beam melting technology. Results from this experiment indicated that 3D prostheses had no surgical 

complications such as screw loosening and implant breakage. Therefore, the researchers suggested that 

electron beam melting technology was a useful technique of manufacturing customized titanium 

prostheses [38]. 

2.3.3 Tissue and Cell Printing 

The goal of tissue engineering is to restore or replace damaged tissue. Cells and artificial 

Extracellular Matrix (ECMs) also known as scaffold are the important components in tissue engineering.  

Scaffold provides appropriate condition that support cellular growth, differentiation and proliferation. 

3D printing has allowed researchers to create variety of scaffolds using different materials [39].  

Some of the important factors for 3D-printed scaffolds that are used in tissue engineering are 

strength, cytotoxicity, and printability. Aldemir et al. investigated the biocompatibility of modified 

calcium-sulfate-composite-powered (MCSCP) powder-based 3D-printed scaffolds and compared it with 

that of salt-coated MCSCP powder-based 3D-printed scaffolds using a Visijet powder based printer for 

artificial bone application. Mechanical and cell viability tests were performed to determine the strength 

and cytotoxicity of the printed samples. The mechanical testing result showed MCSCP samples were 

significantly stronger in comparison to salt coated MCSCP, also cell viability tests suggested that 3D-

printed MCSCP had higher cell number and proliferation without any toxic effect compared to salt-

coated MSCP scaffolds. Therefore, 3D printed MCSCP scaffolds were biocompatible, non-cytotoxic and 

printable, whereas salt-coated MCSCP did not have any significant positive effect on the scaffolds. The 

author suggested for future study of more samples should be used for better interoperation [40]. 
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Bone disorder is expected to double in the next decade [41]. The most common treatments for bone 

disorders are autografts, allografts, and xenografts that treat different types of bone injuries. However, 

immune rejection remains one of the drawbacks for different treatments, although the main cause of such 

a rejection is bacterial colonization. Correia et al. used a Fab@Home syringe-based 3D printer to produce 

Tricalcium Phosphate (TCP)/Sodium Alginate (SA) 3D scaffolds with silver nanoparticles to overcome 

bacterial contamination. The results suggested that the scaffolds had mechanical properties that were 

suitable for bone application [41]. 

The different 3D printing technology such as powdered based and syringe-based deposition system 

have been discussed. Although each technology has its own advantages and disadvantages, applications 

of 3D printing in tissue and cell printing have been rapidly growing in the last decade due to advantages 

of 3D printing technology.  

2.3.4 Training/Planning 

Another important area in which 3D printing technology has helped is the training of students in the 

medical field. Khan and his coworker successfully 3D-printed an unruptured paraclinoid aneurysm of a 

40-year-old female using a stereolithographic technique. This type of modeling can be used in 

biomedical research, patient education, and training of medical students [42].  

Surgical training is one of the fields that have benefited from 3D printing technology. Rose and 

coworkers investigated a temporal bone model using the SLA technique of 3D printing using multiple 

colors and materials [43]. An Objet350 SLA based 3D printer was used to 3D print temporal bone using 

multiple colors with different material to distinguish soft from hard tissue. The results indicated that the 

3D-printed temporal bone had significant potential in otological training and education. The authors 

concluded that 3D printing technology’s advantages such as using multiple colors and material outweigh 

other methods such as injection-molding plastic in surgical training [43]. 
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Guiding surgical treatment with a patient-specific prototype from the fracture site could potentially 

improve the quality of patient-physician communication and surgery. Yang et al. evaluate the effect of 

a 3D-printed prototype of trimalleolar fracture and its role in doctor-patient communication by printing 

actual fracture. FDM technology using PLA material with the layer height of 50 µm and infill of 20% 

was used to 3D print the ankle joint fracture. In order to validate the design, a questionnaire for doctors 

was designed and the response showed the prototype met the doctor’s specifications.  The results showed 

the successful 3D printed prototype with detailed anatomical structure of the fractured joint. Therefore, 

3D printed patient-specific prototypes can help the surgeon to plan ahead of time and better communicate 

with patients [44]. 

2.4 3D Printing Using FDM Technology for Biomedical Devices 

FDM printing technology has attracted researchers in biomedical applications due to its 

availability and price. Therefore, within the last decade there has been significant improvement of using 

FDM technology as opposed to traditional methods.  

To investigate the feasibility of FDM 3D printing in the manufacturing of a capsular device for 

a drug delivery system using hydroxypropyl cellulose (HPC), Melochi and coworkers studied the 

possibility of fabricating hollow structures using FDM. In order to make the filament, HPC was used in 

Turbula with Polyethylene Glycol (PEG) using Hot Melt Extrusion (HME). Then PLA filament used to 

3D print hollow structure followed by 3D printing capsular device using in-house HPC filament. Then 

capsular devices were filled with acetaminophen to determine pulsatile-release profile. The result 

showed pulsatile-profile was consistent in comparison to injection molding method. Therefore, FDM 3D 

printers were capable of manufacturing capsular devices for drug delivery system [45]. 

Pre-formed titanium meshes have been used to assist parenthetically guided bone regeneration of 

atrophic maxillary arches. Fantini and coworkers manufactured patient-specific biomodel to guide pre-
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formed titanium mesh. A 3D 768 Soluble Support Technology (SST) printer, which is based on FDM 

technology, was used to manufacture a patient-specific biomodels of maxillary arches to build the 

prototype. In the first approach, the model was filled with ABS material, however, in the second 

approach honeycomb structure was used to 3D print interior part. Then commercial flexible titanium 

mesh was customized and shaped with the help of biomodel. The researchers found that both techniques 

were sufficient to fix the implants in the planned position, thus both techniques can be used for bone 

augmentation in atrophic maxillary arches [46]. 

Fabrication of custom-made implants is one of the advantages of 3D printing; however, there is a 

need to investigate the feasibility of commercial-scale applications of this technique. Jumani and 

coworkers investigated commercial aspects of the FDM technique with ABS for manufacturing custom-

made foot orthoses. They performed an analysis considering machine cost, material cost and production 

overhead per year to find out the best case for production of custom-made foot orthoses using Dimension 

SST 768 which uses FDM technology. The model gives the cost of production per pair in 2014 as 

£182.33 ($285.45) compared to current cost in the market from £150 ($234.84) to £200 ($313.12). The 

higher cost of FDM is attributed to higher cost of material compared to traditional method. Therefore, 

the author concluded that in order to drive the cost down there is a need to develop new cost-effective 

material for the fabrication of custom-made devices such as orthotics and prosthetics. Even though still 

the cost of fabrication using FDM technology exceeded the conventional methods the FDM technique 

have some advantages over conventional methods: such as lower lead time, better fitting and improved 

the final quality of custom-made foot orthoses that can compensate for the slightly higher cost, which 

the authors did not consider in their model [47]. 
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2.4.1 Tissue Engineering 

Tissue engineering aims to regenerate or repair damaged or lost tissues using stem cells, a scaffold 

and a growth factor. An ideal scaffold is necessary to achieve this goal [13]; therefore, developing 

scaffolds that resemble tissue extracellular matrix is necessary. Rosenzweig and his coworkers 

investigated the usage of a 3D printer with FDM technology to develop a scaffold using PLA and ABS. 

Primary bovine chondrocyte, Primary articular chondrocytes and nucleus pulposus cells were cultured 

for 21 days on ABS and PLA scaffold printed with a low-cost 3D printer. Primary bovine chondrocyte 

and NP cells showed high viability on either construct type. Primary articular chondrocytes and NP cells 

proliferated and filled the space. The result suggested there was no difference between ABS and PLA 

scaffolds when comparing viability and proliferation. Also, mechanical testing was performed on both 

scaffolds and the result suggested mechanical properties of scaffolds after 21 days remain unchanged 

[12]. The authors then concluded that 3D printed PLA and ABS scaffolds both provided good mechanical 

behavior for tissue engineering applications. 

The design and fabrication of porous scaffolds remain a major challenge in bone tissue engineering. 

Zhou and coworkers introduced an integral manufacturing method using FDM technology with PLA and 

gas foaming to fabricate hierarchical porous polymer scaffolds. The FDM technique was used to rapidly 

fabricate macroporosity scaffolds, and the CO2 gas-foaming technique proved a useful approach to 

generating micropores, which usually do not form though 3D printing techniques. The results showed 

positive cooperative effects to fabricate hierarchical porous scaffold for tissue engineering [48]. 

To fabricate a coronary artery bypass graft (CABG), Owida and coworkers devised a new combined 

method of FDM and electrospinning to fabricate a CABG. Coronary bypass grafting is a procedure to 

treat coronary artery disease. However, in some cases, surgeons cannot use their patient’s vessel and 

there is a need to use artificial grafts which require special design to ensure revascularization and anti-



 

20 
 

thrombogenicity. A physical model mold for electrospinning was 3D printed using ABS material and 

polyurethane (PU) nanofibers was electrospun on the mold to fabricate the CABG graft. The results 

showed a successful fabrication of a CABG, suggesting that this method could be used for the fabrication 

of artery vessel [49].  

Improving the scaffold in tissue engineering is beneficial in long-term clinical applications. A study 

by Paricio and coworkers investigated the effect of PLA addition to PCL matrices to determine chemical, 

mechanical and biological performances of a 3D-constructed scaffold using FDM technology. Melt 

blending and solvent casting were used to blend PCL and PLA and BioCell printing system was used to 

produce PCL/PLA scaffolds. To make sure that no chemical modification was induced during the 

process UV, β and γ radiation were used. Mechanical testing showed addition of PLA to PCL greatly 

improved the performance of scaffolds under compressive loads. Also, biological evaluation of both 

scaffolds revealed all scaffolds were able to sustain cell proliferation and adhesion. The results showed 

that the addition of PLA to PCL scaffolds using solvent casting strongly improved the biomechanical 

performance of the constructs in comparison to PCL scaffolds alone. The author concluded that addition 

of PLA improved the mechanical property of PCL [50]. 

2.4.2 Medical Polymer for FDM Technology 

With advancements in material technology, medical devices have benefitted from different types 

of materials such as different polymers. Examples of medical devices include but are not limited to stent, 

pacemaker, implants, surgical instruments and imaging machines [51]. A material to be used for 3D 

printing with the FDM technique is determined based on several factors such as melting temperature, 

mechanical properties, biocompatibility and biodegradability. The current range of materials that are 

used directly in FDM technology are polyethylene, polypropylene (PP), polyamide, ABS, polyester, 

polycarbonate (PC) and polycaprolactone (PCL) [27]. 
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            Polyethylene (figure 2.5) can be classified into six categories depending on how it is made: ultra-

low-density polyethylene (ULDPE), very low-density polyethylene (VLDPE), linear low-density 

polyethylene (LLDPE), low-density polyethylene (LDPE), medium-density polyethylene (MDPE) and 

high-density polyethylene (HDPE) [51]. Among different types of polyethylene, HDPE is commercially 

available as a filament with a melting point of 130°C [52]. Polyethylene has been used in biomedical 

implants as the wear bearing surface of knee total joint replacement [53]. Suwanparateeb and coworkers 

successfully 3D printed Zygoma bone using  HDPE material [54].  

 

FIGURE 2.5. Polyethylene Structure 

 

Polypropylene (PP) (figure 2.6) has three main types: homopolymers, random copolymers and 

impact copolymers. The most common types used in FDM technology is the homopolymer, which is 

available for commercial use and melts at 230–260°C [6]. PP is generally used in syringe, suture and 

medical trays in medical device application [51]. PP has been used in fabrication of custom made 

orthoses. Prefabricated orthotic devices are designed to fit patients without considering patient-specific 

comfort and function, also creating custom-fit orthosis is a very time consuming task using traditional 

method, however by using 3D printing technology Mavroidis et al. demonstrated successful fabrication 

of custom made orthoses using PP according to patient specification [55]. 
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FIGURE 2.6. Polypropylene Structure 

Polyamide or nylon (figure 2.7) is one of the materials that have been used in medical devices, 

is also available in filament form and has a melting temperature of 235°C–270°C [56], which makes it a 

good candidate for FDM. Polyamide has been used in biomedical devices such as packaging, syringe 

pump component and scalpel blade holder [51]. Kettner et al. successfully fabricated skull model in a 

case of fatal hammer impact to the head using SLS 3D printing technology. Digital CT scan of the patient 

was obtained and Fine polyamide was used to 3D print model of damaged skull [57]. 

 

FIGURE 2.7. Nylon Structure 

 Acrylonitrile Butadiene Styrene (ABS) (figure 2.8) is an amorphous polymer and is made of three 

monomers: Acrylonitrile, Butadiene and Styrene. ABS have been used in several applications including 

automotive, electronics and biomedical applications. ABS has good strength and toughness with a 

melting temperature of around 230°C and a glass temperature of 107-115°C [5]. To determine the 

feasibility to 3D print patient-specific mold structure and catheter channels in a brachytherapy treatment 

planning, Harris and coworkers successfully 3D printed ABS using FDM technology [58]. 
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FIGURE 2.8. ABS Structure 

Polyester are polymers of a semi-crystalline structure with two types: thermoplastic and 

thermosetting polymer [5]. Polylactic acid (PLA) is a polyester that has been used extensively in research 

and industry. Polyester has been used in sterilizable trays, dental tool, surgical device control cable, 

surgical tubing and cannula in biomedical applications [51].  PLA is derived from renewable resources, 

such as corn starch. PLA (figure 2.9) polymers are both biocompatible and biodegradable, therefore, it 

can be used within human body as it has been proven to be safe in surgical implantation. PLA is available 

in commercial form with a melting point of 160°C–220°C depends on the printer settings [14]. 

 

FIGURE 2.9. PLA Structure 

 

Polycarbonate (PC) (figure 2.10) is a type of polyester that is formed from the reaction of bis-

phenol A and carbonic acid. PC is available for commercial use in the FDM technique and has a melting 
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temperature of 255–300°C and a glass temperature of 145-148°C [5, 59]. PC has been used in medical 

apparatus, reservoirs, high pressure syringe and dialyzer housing [51]. Smith and coworkers investigated 

the effects of different orientations on the mechanical properties of 3D-printed PC using FDM 

technology to understand the material’s properties for designers. The results showed that orientation had 

a significant effect on mechanical properties; therefore, designers should investigate different parameters 

to understand the material’s behavior [60]. Chan and coworkers successfully fabricated PC mandible 

templates using FDM technology [61].  

 

FIGURE 2.10. Polycarbonate Structure 

 

 Polycaprolactone (PCL) (figure 2.11) is Another biodegradable and biocompatible polyester. 

PCL filament has a melting temperature of 150°C–250°C and a glass transition temperature of -60°C 

with a melting point of 60°C [62].  

 

FIGURE 2.11. PCL Structure 
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 In this section different types of medical polymers available for FDM technology were discussed 

such as polyethylene, polypropylene (PP), polyamide, ABS, polyester, polycarbonate (PC) and 

polycaprolactone (PCL), however not all of them are biocompatible and biodegradable. Among them 

PLA and PCL are both biocompatible and biodegradable, therefore they can be used in applications that 

require these properties, 

2.4.3 Fused Deposition Modeling Using PCL Material 

Polycaprolactone has received much attention from researchers in biomedical applications due to 

its biocompatibility and biodegradation properties. The most common application of PCL in 3D printing 

is in tissue engineering [63]. PCL has a low transition temperature of −60°C and a melting temperature 

of 60°C [64] which makes it an ideal material for FDM technology. 

Xu et al. used computed tomography (CT) with the FDM technique to fabricate PCL and 

PCL/hydroxyapatite (HA) artificial bones to mimic goat femurs. A 3D scan of a normal goat leg was 

obtained by X-ray CT; subsequently, the 3D model (of artificial bones) was imported into Mimics 

software and exported in an STL format to be used by the FDM printer. Counter-rotating internal mixer 

(Rheomix 600 and Rhecord 9000) were used to blend PCL with HA at 100°C for 10 minutes. Using 

FDM technology, PCL/HA and PCL bone were fabricated. Mechanical testing determined that PCL/HA 

bone had a higher compressive strength and elastic modulus as compared to PCL fabricated bone. Also, 

cell proliferation was better in PCL/HA scaffold as compared to PCL scaffolds. Tests also showed 

PCL/HA results in better bone osteoconduction ability in comparison to PCL. Therefore, PCL/HA 3D 

artificial bones had several advantages such as superior biometric properties, shaping ability and 

biomechanics, biocompatibility and easier producibility for manufacturing and operability for a surgeon. 

The authors suggested that PCL/HA 3D artificial bones could potentially be used to treat load-bearing 

bone defects and benefit bone repair in comparison to PCL 3D artificial bone [63].  



 

26 
 

To enhance cartilage tissue engineering, Wang and coworkers prepared a 3D composite scaffold 

composed of a PCL backbone and poly(lactide-co-glycolide)-block-poly (ethylene glycol)-block-

poly(lactide-co-glycolide) (PLGA–PEG–PLGA) thermogel surface. Medical-grade PCL was used at 

130°C to fabricate PCL scaffolds using the FDM method. The scaffolds were printed with fiber spacing 

of 300 µm and a Z axis interlayer increment of 300 µm in order to make the penetration and exchange 

of nutrient easier. In order to obtain PCL/GEL composite scaffolds, PCL was impregnated into the 

PLGA–PEG–PLGA solution at a low temperature and incubated at body temperature (37°C) to fabricate 

3D thermogel scaffold. To compare mechanical properties of the PCL and thermogel scaffolds with 

behavior of the real bone, rabbit osteochondral (OC) plug was obtained from femoral condyles. The 

mechanical testing showed that the thermogel was slightly lower but negligible compared to other 

scaffolds, and no differences in compressive strength and elastic modulus were observed among the 

other scaffolds. Moreover, the 3D thermogel composite scaffold showed greater number of cell 

proliferation compared to other scaffolds. Therefore, the author concluded that thermogel scaffold could 

be a better scaffold for tissue engineering since it showed better cell proliferation. In this paper, the 

author used the FDM technique to fabricate PCL scaffolds without considering the effects of different 

process parameters on mechanical properties of PCL [65]. 

Steffens studied the interaction between mesenchymal stem cells (MSC) and 3D-printed poly(ԑ-

caprolactone) using a Fab@CTI printer. PCL was fabricated through an extrusion process of additive 

manufacturing using the FDM technique. Scaffolds were printed with different air-gaps (layer 

thickness), which are spaces found among successive layers, as follows: 0.1, 0.15, 0.2, 0.3 and 0.4 mm. 

Different air-gaps were selected in order to see the how well cells proliferate and differentiate in different 

settings. MSC were seeded for 21 days on PCL scaffold. Cellular viability test showed all the scaffolds 

have the same behavior with no significant difference. Also, confocal microscopy showed MSC density 

mailto:Fab@CTI.PCL
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increased over a 21-day period in all the groups. The author concluded that a 3D-printed PCL structure 

could potentially be used in tissue engineering as a good substitute for other material [66].  

To investigate the efficiency of coating on biodegradable PCL scaffolds made using FDM, Choong 

and coworkers investigated the effect of a calcium-phosphate coating on cell attachment, proliferation 

and differentiation of PCL. PCL material is both biodegradable and biocompatible. However, PCL 

material exhibit hydrophobic properties which make it hard to grow cell as they don’t allow bonding on 

the surface of polymer. To overcome this problem the author introduced osteoconductive particles into 

the scaffold. In this study calcium phosphate used to coat PCL using biomimetic method. The results 

suggested that cells in coated scaffolds had a higher proliferation rate compared to those in uncoated 

scaffolds. The author concluded that calcium phosphate coating improved proliferation and 

differentiation, which resulted in a better 3D PCL scaffold for bone tissue engineering [67].  

2.4.4 Effects of 3D Process Parameters  

As elaborated in the previous section, researchers have directly applied PCL material and used it, 

however, the effect of process parameters has never been investigated. To have successful 

implementation of PCL printed material, the effects of different process parameters on mechanical 

properties of 3D printed PCL needs to be investigated. This section elaborates on various reports that 

suggest the importance of optimized  FDM parameters to achieve optimal part performance. 

Wu et al. investigated the effect of layer thickness and raster angle on mechanical properties of 

a Polyetheretherketone (PEEK) material using FDM technology. Layer thickness is defined as the 

thickness of each layer and Raster angel is the direction of raster. PEEK samples with three raster angles 

(0°, 30° and 45°) and three layer thickness values (200,300 and 400 µm) were built by 3D printer using 

FDM technology and tensile, compressive and bending strength were tested. A 400 µm thickness 

resulted in the lowest tensile strength and bending strength; however, 300 µm layer-thickness samples 
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had the highest tensile strength and bending strength. Raster angle of 0° had the highest tensile strength 

and bending strength, while 45° had the lowest tensile strength and bending strength. The result 

suggested that with 300 µm layer thickness and raster angles of 0° had the greatest tensile strength, thus 

it is clearly evident that the PEEK were greatly affected by layer thickness and raster angle [68].    

Two most common materials used in 3D Printing are PLA and ABS. Tymrak et al. investigated 

the effect of layer heights of 0.2mm,0.3mm,0.4mm and orientations of 0°, ±45° and 90° on the 

mechanical property of the PLA and ABS. Mendel RepRap, Pursa Mendel and Lulzbot Prusa RepRap 

were used to 3D print samples at 100% infill. The mechanical testing showed that ABS samples with 0.2 

mm had the highest tensile strength, while 0.4 mm samples had the highest elastic modulus and 

orientations of ±45° were the strongest, while 0° and 90° had the greatest elastic modulus. PLA samples 

printed with 0.2 mm layer height had the greatest tensile strength and elastic modulus and samples with 

0° and 90°  had the greatest tensile strength and at 0.3 mm the tensile strength reduced by 22%, while 

samples with ±45° had then greatest elastic modulus. Therefore, in both PLA an ABS layer thickness of 

0.2 mm results in the greatest tensile strength while layer thickness of 0.3 mm results in lower tensile 

strength, however at layer thickness of 0.4 mm there is an increase in strength compare to 0.3 mm [69].  

Another factor which plays an important role on the mechanical property of material is number 

of shell perimeters. Study by Lanzotti and coworkers investigated the effects of number of shell 

perimeters on mechanical properties of 3D printed parts. Shell perimeters is defined as number of shells 

of the exterior skin of the 3D printed parts.  Four different shell perimeters such as 3,4,5 and 6 were used 

to 3D print PLA specimen using RepRap 3D printer. The mechanical testing showed the number of shell 

perimeters is directly correlated to ultimate tensile strength (UTS) of printed specimens. Shell perimeters 

with the value of 3 had the lowest UTS and value of 6 had the highest UTS. Therefore as the shell 

perimeters increase the UTS value increases as well [70]. 
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Another study by Wittbrodt and coworkers investigated the effects of different colors of PLA on 

the ultimate tensile strength. A Lulzbot TAZ 4 was used to 3D print samples in the following colors: 

natural, black, white, blue and silver at 190°C with 100% infill. Additionally, more white samples were 

3D printed with varying temperature between 190°C and 215°C to study the effect of temperature. The 

result showed that natural color had the highest ultimate tensile strength and maximum strain with the 

lowest percent crystallinity, while gray color had the lowest ultimate tensile strength and maximum strain 

with higher percent crystallinity. Also, different temperature resulted in different percent crystallinity, 

for instance for white samples as the temperature increase from 190°C to 210°C the percent crystallinity 

increase; however, at 215°C is back down to a lower value, therefore, temperature can change the 

crystallinity rate. The result suggested some of the coloring agents may be acting as crystallization rate 

modifier, Therefore, color can significantly impact mechanical strength of 3D printed PLA material  

[71]. 

Infill density and infill pattern are other important factors that determine the strength of 3D printed 

objects. Tsoukindas and coworkers investigated the effect of infill density and infill pattern on 

mechanical property of PLA 3D printed specimens. MendelMAx 2 3D printer was used to 3D print the 

samples. The result showed as infill density increases the maximum impact force increases as well also 

octagonal infill pattern showed higher impact resistance for lower infill density in comparison to 

rectilinear and concentric filling. Therefore, infill density and infill pattern can determine strength of 3D 

printed materials and should be considered in 3D printing process [72]. 

2.5 Research Motivation 

Previous literature showed that different process parameters in 3D printing have significant effect 

on the property of 3D printed PLA objects. However, there is no study on the effects of different 

process parameters on mechanical properties of 3D printed PCL that was printed using FDM 
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technology; therefore, there is a need for further research in this area because these properties will 

assist designers to better understand the properties of 3D-printed PCL. In order to accomplish our 

objective, the specific aims of the thesis are as follows: 

Specific Aim 1: Optimize 3D printing parameters to fabricate a defect-free polycaprolactone 

tensile specimen. 

Specific Aim 2: Study the impact of process parameters on mechanical properties of 3D printed 

polycaprolactone parts. 
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CHAPTER 3: IMPACT OF PROCESS PARAMETERS ON MECHANICAL PROPERTIES OF 3D 

PRINTED POLYCAPROLACTONE PARTS 

 

 

3.1 Abstract 

Rapid prototyping is an innovative and powerful technology used for direct layer-by-layer 

fabrication of parts from a 3D computer model. Fused Deposition Modeling technology has attracted 

many researchers, especially those interested in its biomedical applications in custom-made implants, 

tissue and cell printing and the dental industry due to its price and availability. Polycaprolactone (PCL) 

is both biocompatible and biodegradable and generally used in fabrication of scaffolds in tissue 

engineering using FDM technology. Although there are reports on the impact of different process 

parameters on parts performance of PLA using FDM technology there is no study about the effect of 

process parameters on 3D printed PCL parts. Therefore, this manuscript reports the effect of nozzle 

temperature and volumetric flow rate for the fabrication of defect-free 3D-printed Polycaprolactone test 

specimens using FDM technology. The impact of process parameters such as infill density, layer height 

and the number of shell perimeters on the mechanical properties of PCL 3D-printed parts were 

investigated. Printrbot Simple Metal FDM 3D printer was used to fabricate tensile test specimens. Five 

specimens were produced for each experimental run, totaling 60 specimens. The results showed nozzle 

temperature of 165°C and volumetric flow rate of 2.97 mm3/s results in a defect free PCL 3D printed 

test specimen. Also, an infill density of 90%, layer height of 0.1 mm and shell perimeter of 2 resulted in 

the maximum tensile strength using the chosen optimization methods. 
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3.2 Introduction 

Rapid prototyping is an innovative and powerful technology used for direct layer-by-layer 

fabrication of parts from a three-dimensional (3D) computer model [27]. Three-dimensional printed parts 

are fabricated based on an additive fabrication process using different techniques such as fused 

deposition modeling (FDM), stereolithography (SLA), selective laser sintering (SLS) and laminated 

object manufacturing (LOM) [8]. These techniques have been used in many fields such as electronics, 

aerospace, automotive and medicine. Fused deposition modeling developed by Stratasys in 1980s is the 

most commercialized and accessible technology [6]. Fused deposition modeling technology has attracted 

many researchers, especially those interested in its biomedical applications in custom-made implants, 

tissue and cell printing and the dental industry [46, 47, 67]. 

Fused deposition modeling uses a wide range of materials such as Polyester (Polylactic acid and 

Polycaprolactone), Polyamide, Polycarbonate, Polyethylene, Polypropylene and Acrylonitrile-

Butadiene Styrene (ABS) whose melting points fall within the temperature range of the FDM printer’s 

nozzle which liquefy the material [6, 27]. However, in manufacturing implantable medical devices such 

as tissue engineering, material selection plays an important role because materials should be both 

biocompatible and biodegradable [73]. One of the commercially available modern implantable material 

that has been used for biomedical devices and implants is Polylactic-acid (PLA). Currently, limited 

materials are available that can be used by FDM technology that are biodegradable and biocompatible. 

PLA has been used widely in biomedical applications such as cell and tissue engineering, dental industry 

and prostheses. However, one of the limitations of 3D printing of medical devices is lack of available 

material. Polycaprolactone (PCL) is one of the material that meet the criteria for implantable material. 

The most common application of PCL in 3D printing is in fabricating scaffolds for tissue engineering 

[63]. PCL has a low transition temperature of −60°C and a melting temperature of 60°C [62] which 

makes it a good material for FDM technology.  
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Previous research on PLA has shown different parameters such as orientation [74], layer height [69], 

shell perimeters [70], colors [71] and infill density [72], have significant effect on the mechanical 

property of 3D-printed PLA. PLA has been used in biomedical application using FDM technology 

mostly in tissue engineering field such as studying the effects of primary bovine chondrocyte, primary 

articular chondrocytes and nucleus pulposus cells on PLA scaffold [12] or investigating the effect of 

PLA is used, in addition to PCL to fabricate new scaffolds [50]. Also, most of the reports on PCL are 

about tissue engineering applications such as evaluation of different types of PCL scaffolds for artificial 

bones [63], interactions between mesenchymal stem cells and PCL scaffold [66]. Although, there are 

reports on evaluations of 3D printed PCL scaffolds, however to the best of our knowledge there are no 

fundamental studies in the literature that investigates the effect of process parameters on the mechanical 

properties of RP fabricated PCL parts.  

The present study reports the effect of nozzle temperature and volumetric flow rate to fabricate 

defect-free 3D printed Polycaprolactone tensile test specimens using FDM technology.  The impact of 

process parameters (infill density, layer height and the number of shell perimeters) on the mechanical 

properties of PCL 3D printed parts was also investigated. The purpose is to assist designers in biomedical 

field to select the optimal parameters using PCL fabricated part by FDM technology. 

3.3 Materials and Methods 

 To determine the mechanical properties of 3-D printed parts, all the specimens were produced 

in a Printrbot Simple Metal with a 1.75 mm nozzle diameter using 1.75 PCL filament from 3D4MAKER 

in natural color with the working temperature of 115 °C to 145 °C. Tensile specimens were designed 

according to ISO 527-2:1996 which was downloaded online, however, in order for the test specimen to 

have a good grip in the machine the length at both ends of the test specimen was increased by 10 mm. 

Cura software was used to generate G-code files and control the movement of the nozzle. 
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The tensile testing was performed by a Sintech 5/g test machine (figure 3.1) with crosshead speed 

of 0.05 in/min and a load cell of 20 kN. To calculate the strain, images of the test specimen were captured 

using Infinity camera from Lumenera while performing the test and exported into GOM 2D software for 

further analysis.   

 

FIGURE 3.1. Printer and Tensile machine setup 

As there is no report on the optimal printing condition to fabricate defect-free test specimen using 

PCL such as nozzle temperature, volumetric flow rate, speed and bed temperature, three specimens per 

parameter were fabricated to investigate the effect of these parameters to fabricate a defect free specimen. 

In this study, volumetric flow rates can be simply calculated by multiplying nozzle diameter (width) with 

layer height, print speed and the flow rate percentage. Table 3.1 shows the summary of all the parameters 

that were investigated.  
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TABLE 3.1. Summary of process parameters that were investigated to obtain a defect free tensile test 
specimen. 

 

Nozzle temperature (°C) 115,125,135,145,155,165,175 

Volumetric flow rate (mm3/s) 2.20,2.53,2.75,2.97,3.19  

[correlates to 100-145% default flow rates in 

the software used] 

Bed temperature (°C) Room temperature (21) and 30 

Print speed (mm/s) 55,65,75,85 

 

          Also, five specimens per experimental runs and a total of 60 specimens were fabricated to 

investigate the effect of infill density, layer height and shell perimeters. Table 3.2 shows the different 

parameters used. Nozzle temperature, Volumetric flow rate, print speed, infill pattern and bed 

temperature remained constant while other parameters were changed.  

Six infill density of 10%, 30%, 50%, 70%, 90% and 100% were investigated, whereas five layer 

heights ranged from 0.10 mm to 0.30 mm considered. Finally, three number of shell perimeters of 1, 2 

and 3 were used to fabricate the test specimens. Each fabricated test specimen was held in place using 

the grips of the machine and loaded along the vertical axis until the necking was observed. Table 3.2. 

shows the summary of different process parameters used in this study. 

TABLE 3.2. Different process parameters used to fabricate test specimen 

Infill density (%) 10,30,50,70,90,100 

Layer height (mm) 0.10,0.15,0.20,0.25,0.30 

Shell perimeter 1,2,3 
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All the values presented in this paper are represented as the average of five measurement for 

each parameter with error bars represent ± the standard deviation. To analyze the data and determine 

which is statistically significant, analysis was performed using Minitab (Fisher LSD method) to 

analyze mean values using significant level (α-level) of 0.05 and confidence interval of 95%. 

3.4 Results and Discussion 

As mentioned, there is no study in optimal printing condition for PCL material, therefore print 

parameters such as bed temperature, print speed, nozzle temperature and volumetric flow rate were 

evaluated.  

Since nozzle temperature was viewed as a parameter that had the most impact it was investigated 

first as compared to other parameters. Test specimens were created with the nozzle temperature within 

the range of 115–175 °C. The lower temperature of 115 °C was selected based on recommended 

temperature settings provided by the PCL filament manufacturer. As reported in the literature nozzle 

temperature has a significant impact on the physical characteristics of the 3D-printed parts [71] hence 

various temperatures up to 175 °C were evaluated to obtain a defect free tensile specimen.  Default 

values of other parameters (print speed: 55 mm/sec, volumetric flow rate 2.2 mm3 / sec and bed 

temperature: room temperature at 21 °C) were used for initial investigation of effect of nozzle 

temperature.  

A Nozzle temperature of 115 °C resulted in a deformed and defective print and at 125 °C (figure 

3.2), there is stringing with more holes on the surface. At temperatures between 165 °C (figure 3.3) and 

175 °C (figure 3.4), there was a reduction in the number of holes on the surface, as well as stringing. To 

determine why there was a deviance between the manufacturer recommended temperature and the 

optimal printing condition obtained by this study, an infrared camera was used to determine the actual 

temperature of the hot end at various temperatures. The results showed that at stated nozzle temperature 



 

37 
 

of 115 °C the actual temperature of the nozzle (determined by infrared thermal camera) was reached 

approximately 96.8 °C. Thus, the actual temperature was way below the recommended nozzle operating 

temperature for PCL. Similarly, at stated temperature of 165 °C the actual nozzle reached approximately 

140.4 °C (figure 3.5).  

(a) (b) 

FIGURE 3.2. Visual picture of a representative specimen fabricated at temperature 125 °C: (a) front 
view and (b) back view 

(a) (b) 

FIGURE 3.3. Visual picture of a representative specimen fabricated at temperature 165 °C: (a) front 
view and (b) back view 
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(a) (b) 

FIGURE 3.4. Visual picture of a representative specimen fabricated at temperature 175 °C: (a) front 
view and (b) back view  

 

 

FIGURE 3.5. Representative image using IR camera indicates different in nozzle temperature (NZ) 
and actual temperature (AT) 

Visual appearance was used to determine the operating temperature of PCL. Qualitative 

determination of samples (visually observed) was carried to ensure presence of minimal voids and 

stringing. Since increasing temperature beyond 165 °C did not eliminate presence of voids and didn’t 

produce a better specimen (determined visually, figure 3.3 – 3.4) it was determined that a different 

parameter was to be investigated to further refine the 3D printed part. Also, since the defects (voids) on 

the test specimens were spread out randomly on repeat runs, therefore, quantitative comparison of 

mechanical testing at this stage was determined to be rudimentary. It was thought that there would not 

be a consistent failure mechanism (due to random voids) within different runs of the same setting hence 

mechanical testing was deferred until a defect free test specimen was obtained.  

NZ:115 °C NZ:165 °C 

AT:96.8 °C AT:140.4 °C 
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Since the appearance of voids (holes) on the surface indicates a lack of material on the surface; 

therefore, the volumetric flow rate was investigated for potential reduction of voids on the test sample. 

With the nozzle temperature remaining constant at 165 °C, different volumetric flow rates were 

investigated (2.2 – 3.19 mm3/s, table 3.1) to reduce the number of holes on the surface. The number of 

holes on the surface decreased as the volumetric flow rate was increased from 2.2 mm3/s.  At volumetric 

flow rates of 3.19 mm3/s (figure 3.6) stringing and inconsistency of the material around the edges of the 

specimen occurred due to overflow/excess of material.   At the lower volumetric flow rate of 2.2 mm3/s 

(figure 3.7) printed specimen showed significant number of holes on the surface.  For the volumetric 

flow rates studied it was found that at 2.97 mm3/s volumetric flow rate (figure 3.8), the specimens seem 

to be defect free without any inconsistency or stringing (determined by visual observation). Figure 3.9 

shows the specimen printed at 165 °C and volumetric flow rate of 2.97 mm3/s which is devoid of 

stringing and surface voids. These conditions were subsequently used for further investigation.  

Investigations into effect of bed temperature (room temperature: 21 °C and 30 °C) showed no 

difference in print quality of the tensile specimens. Similarly, effect of print speed (55,65,75,85 mm/s) 

showed no difference in print quality of the tensile specimens.  Hence, default (based on initial setting 

of the printer software) was used for subsequent studies (Specific aim 2). 
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(a) (b) 

FIGURE 3.6. Visual picture of a representative specimen fabricated at volumetric flow rate of 3.19 
mm3/s: (a) front view and (b) back view  

(a) (b) 

FIGURE 3.7. Visual picture of a representative specimen fabricated at volumetric flow rate of 2.2 
mm3/s: (a) front view and (b) back view 
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(a) (b) 

FIGURE 3.8. Visual picture of a representative specimen fabricated at volumetric flow rate of 2.97 
mm3/s: (a) front view and (b) back view 

(a) (b) 

FIGURE  3.9. Visual picture of a representative specimen fabricated at optimized parameter: (a) front 
view and (b) back view 

 

Since defect free specimens were successfully fabricated by 3D printing, therefore, process 

parameters such as infill density, layer height and shell perimeters were investigated and their impact on 

mechanical properties evaluated. Various infill density levels ranging from 10% to 100% (while keeping 
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other parameters constant and layer height and number of shell perimeter at their default value at 0.1 

mm and 2 respectively) were evaluated to obtain the optimal infill density. Infill density was first selected 

because it has been found to be the most sensitive to change and have the most significant impact on the 

mechanical performance of 3D printed parts using FDM [6].  Typical stress-strain curve obtained (figure 

3.10) and ultimate tensile strength calculated based on the highest stress point in which necking was 

observed because at that point the part already lost its structural integrity and cannot be used. The results 

(figure 3.11 and table 3.3) showed 10% (14.286 ± 0.43 MPa) leads to the lowest while 100% (16.217 ± 

0.433 MPa) leads to the highest ultimate tensile strength with a positive trend from 10% to 100%. The 

overall mechanical properties trend increased with increase in infill density which is in agreement with 

reported literature on PLA filament that indicates at higher infill density the amount of material inside 

the print is higher which lead to stronger parts [72]. Figure 3.11 and table 3.3 shows the summary of the 

results. However, to find out which parameter will be the preferred infill density, statistical analysis was 

carried out using the Fisher LSD method (figure 3.12). The result showed that three infill densities of 

(100%, 90%, 70%) and two infill densities of (50% and 70%) respectively were not statistically 

significant, however five infill density of (10%, 30%, 50%, 90% and 100%) were statistically significant.  

In order to find the preferred infill density, the 70%, 90% and 100% data was analyzed, and the 70% 

infill density was discarded as it showed statistically insignificance between the 50% infill density data. 

The 90% was selected because it showed significant deviance from the 50% data (statistically 

insignificant from 70% data) and properties similar (no statistically difference) to 100% infill density. 

Therefore 90% infill density was selected as the preferred condition rather than 100% as lesser material 

would be used using 90% infill density with similar properties being obtained.  
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FIGURE  3.10. Stress-strain curves for different infill density values 

 

FIGURE 3.11. Ultimate tensile strength for different infill density values 
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TABLE 3.3. Summary of statistical analysis for different infill density values 
 

Infill Density (%) Number of Samples Mean (MPa) SE StDev 

10.00 5 14.286 0.193 0.43 

30.00 5 14.773 0.0492 0.11 

50.00 5 15.53 0.0735 0.164 

70.00 5 15.902 0.06395 0.143 

90.00 5 16.086 0.11 0.247 

100.00 5 16.217 0.194 0.433 

 
 

 

FIGURE 3.12.  Statistical analysis on ultimate tensile strength of PCL test specimen with different 
infill density values 

With infill density remaining constant at 90% and number of shell perimeter remaining constant at 

default value of 2, further variations of another printing parameters (layer thickness) were evaluated 

from 0.1 mm to 0.3 mm. Stress-strain curves at varying layer thickness were obtained (figure 3.13) and 

ultimate tensile strengths determined (figure 3.14). Specimen printed at 0.1 mm layer height had the 

highest tensile strength (16.0806 ± 0.247 MPa) while specimen printed at 0.3 mm resulted in the lowest 

tensile strength (12.889 ± 0.164 MPa, table 3.4). The overall mechanical properties trend decreased with 

increase in layer height (figure 3.14 and table 3.4) most probably, because the higher layer height results 
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in a lower amount of interface between PCL filament which is consistent with previous studies on PLA 

that showed lower layer height resulted in higher tensile strength [69]. In order to determine the preferred 

layer height, the data ranging from 0.1 mm to 0.30 mm were analyzed using the Fisher LSD method and 

result suggested that 0.1 mm layer height was significant compared to the others, therefore, layer height 

of 0.1 mm was selected as the preferred value (figure 3.15).  
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FIGURE 3.13. Stress-strain curve for different layer height values 

  

FIGURE 3.14. Ultimate tensile strength for different layer height values 
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TABLE 3.4. Summary of statistical analysis for different layer heights values 

Layer Heights (mm) Number of Samples Mean (MPa) SE  StDev 

0.1 5 16.086 0.11 0.247 

0.15 5 12.784 0.0842 0.188 

0.2 5 13.055 0.0303 0.0677 

0.25 5 13.05 0.0279 0.0624 

0.3 5 12.889 0.0731 0.164 
 
 

 

FIGURE 3.15. Statistical analysis on ultimate tensile strength of PCL test specimen with different 
layer height values  

 

While preferred infill density and layer height were determined, the next parameter which is number 

of shell perimeters such as 1, 2 and 3 were investigated. Stress-strain curves shown in Figure 3.16 and 

ultimate tensile strength (figure 3.17) were evaluated. The result showed two number of shell perimeters 

produced the strongest test specimen with tensile strength of 16.086 ± 0.247 MPa. Statistical analysis 

using the Fisher LSD method (table 3.5 and figure 3.18) showed that UTS from shell 1 (14.410 ± 0.267 

MPa) and shell 3 (14.882 ± 0.213 MPa) were lower than the UTS obtained from shell 2 (16.086 ± 0.247 

MPa). Therefore, two number of shell perimeters was selected as the preferred value.  

 



 

48 
 

 

FIGURE 3.16. Stress-strain curves for different shell perimeter values 

 

FIGURE 3.17. Ultimate tensile strength for different shell perimeter values  
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TABLE 3.5. Summary of statistical analysis for different number of shell perimeter values 

No. of Shell Perimeters Number of Samples Mean (MPa) SE  StDev 

1 5 14.41 0.12 0.267 

2 5 16.086 0.11 0.247 

3 5 14.882 0.095 0.213 

 
 

 

FIGURE 3.18. Statistical analysis on ultimate tensile strength of PCL test specimen with different shell 
perimeter values  

 

3.5 Summary and Conclusions 

 The effect of printing conditions on PCL test specimens (made using Printrbot simple metal FDM 

3D printer) was characterized using tensile tests. The data showed that nozzle temperature of 165 °C and 

volumetric flow rate of 2.97 mm3/s as conditions that resulted in defect free 3D printed PCL specimens. 

Other print parameters such as bed temperature and print speed in the chosen range investigated showed 

no effect on print quality. With above printing condition remaining constant (nozzle temperature: 165 

°C, volumetric flow rate: 2.97 mm3/s, bed temperature: 21 °C and print speed: 55 mm/s) various process 

parameters such as infill density, layer height, and shell perimeters were investigated to evaluate their 
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effect on mechanical properties. Results showed infill density of 90%, layer height of 0.1 mm and shell 

perimeter of 2 produced the highest UTS. The results indicated that the print parameters (infill density, 

layer height, and shell perimeters) have an impact on part quality and will need optimization as new 

materials are being developed for FDM 3D printing.  
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CHAPTER 4: CONCLUSIONS AND FUTURE STUDY 

FDM technology offers several advantages for part fabrication as opposed to traditional fabrication 

methods. This technology also shows great potential to be used in biomedical applications using 

biocompatible materials. In this study, we have demonstrated how print and process parameters affect 

the final part quality and property. The data showed that nozzle temperature of 165 °C and volumetric 

flow rate of 2.97 mm3/s as conditions that resulted in defect free 3D printed PCL specimens. Other print 

parameters such as bed temperature and print speed in the chosen range investigated showed no effect 

on print quality. With above printing condition remaining constant (nozzle temperature: 165 °C, 

volumetric flow rate: 2.97 mm3/s, bed temperature: 21°C and print speed: 55 mm/s) various process 

parameters such as infill density, layer height, and shell perimeters were investigated to evaluate their 

effect on mechanical properties. Results showed infill density of 90%, layer height of 0.1 mm and shell 

perimeter of 2 produced the highest UTS. The results indicated that the print parameters (infill density, 

layer height, and shell perimeters) have an impact on part quality and will need optimization as new 

materials are being developed for FDM 3D printing.  

Although, results provided insight on how properties of PCL varied with different process 

parameters further improvement and variability of properties could be obtained by fabricating PCL based 

composites for 3D printing. Biodegradable and biocompatible materials such as Magnesium (Mg) and 

Polymers can perform their functions and gradually degrade. This feature has reduced the risk of long-

term complications in patients. However, both magnesium and polymers have their limitations. Polymers 

such as PCL have low tensile strength starting from 10 MPa which make them susceptible to failure 

while magnesium alloys have tensile strength starting from 160 MPa [75] with high degradation rate. 

Although to control the degradation of magnesium, polymer coatings have been studied but no reports 

were found on a viable Mg based system that could be 3D printed.  To the best of our knowledge, there 
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have been no studies regarding designing and developing hybrid PCL filament for rapid prototyping with 

other biodegradable metals such as magnesium. This could offer the potential to vary the tensile strength 

of PCL while maintaining the viability to 3D print. Therefore, the fabrication of PCL/Mg filament and 

evaluation of the effect of different process parameters on part properties merits scientific investigation. 

 

 

 

 

 

 

  



 

53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES



 

54 
 

REFERENCES 

 

[1] J. Butt, H. Mebrahtu, and H. Shirvani, "Rapid prototyping by heat diffusion of metal foil and 
related mechanical testing," The International Journal of Advanced Manufacturing Technology, 
pp. 1-10, 2015. 
 

[2] Z. A. Starosolski, J. H. Kan, S. D. Rosenfeld, R. Krishnamurthy, and A. Annapragada, "Application 
of 3-D printing (rapid prototyping) for creating physical models of pediatric orthopedic 
disorders," Pediatric radiology, vol. 44, pp. 216-221, 2014. 
 

[3] H. N. Chia and B. M. Wu, "Recent advances in 3D printing of biomaterials," Journal of biological 
engineering, vol. 9, pp. 1-1, 2015. 
 

[4] J. Griffey, "The types of 3-D printing," Library Technology Reports, vol. 50, pp. 8-12, 2014. 
 

[5] I. Gibson, D. Rosen, and B. Stucker, Additive manufacturing technologies: 3D printing, rapid  
prototyping, and direct digital manufacturing: Springer, 2014. 
 

[6] O. S. Carneiro, A. F. Silva, and R. Gomes, "Fused deposition modeling with polypropylene," 
Materials & Design, vol. 83, pp. 768-776, 2015. 
 

[7] L. K. F. a. L. C. S. CHUA C. K., Rapid prototyping, 2nd ed.: World Scientific. 
 

[8] R. M. Mahamood, E. T. Akinlabi, M. Shukla, and S. Pityana, "Revolutionary Additive 
Manufacturing: An Overview," Lasers in Engineering (Old City Publishing), vol. 27, pp. 161-178, 
2014. 
 

[9] J. Holmström, J. Partanen, J. Tuomi, and M. Walter, "Rapid manufacturing in the spare parts 
supply chain: alternative approaches to capacity deployment," Journal of Manufacturing 
Technology Management, vol. 21, pp. 687-697, 2010. 
 

[10] I. Gibson, L. K. Cheung, S. P. Chow, W. L. Cheung, S. L. Beh, M. Savalani, et al., "The use of rapid 
prototyping to assist medical applications," Rapid Prototyping Journal, vol. 12, pp. 53-58, 2006. 
 

[11] J. Holländer, N. Genina, H. Jukarainen, M. Khajeheian, A. Rosling, E. Mäkilä, et al., "Three-
dimensional printed PCL-based implantable prototypes of medical devices for controlled drug 
delivery," Journal of pharmaceutical sciences, 2016. 
 

[12] D. H. Rosenzweig, E. Carelli, T. Steffen, P. Jarzem, and L. Haglund, "3D-Printed ABS and PLA 
Scaffolds for Cartilage and Nucleus Pulposus Tissue Regeneration," International journal of 
molecular sciences, vol. 16, pp. 15118-15135, 2015. 
 

[13] Y. He and F. Lu, "Development of synthetic and natural materials for tissue engineering 
applications using adipose stem cells," Stem cells international, vol. 2016, 2016. 
 



 

55 
 

[14] T. M. Rankin, N. A. Giovinco, D. J. Cucher, G. Watts, B. Hurwitz, and D. G. Armstrong, "Three-
dimensional printing surgical instruments: are we there yet?," J Surg Res, vol. 189, pp. 193-7, Jun 
15 2014. 
 

[15] K. Olasek and P. Wiklak, "Application of 3D printing technology in aerodynamic study," Journal 
of Physics: Conference Series, vol. 530, p. 012009, 2014. 
 

[16] C. W. Hull, "The Birth of 3D Printing," Research-Technology Management, vol. 58, pp. 25-30, 
2015. 
 

[17] A. Shafiee and A. Atala, "Printing Technologies for Medical Applications," Trends in molecular 
medicine, vol. 22, pp. 254-265, 2016. 
 

[18] A. Bandyopadhyay and S. Bose, Additive Manufacturing. Boca Raton: CRC Press, 2016. 
 

[19] F. Baumann, H. Bugdayci, J. Grunert, F. Keller, and D. Roller, "Influence of slicing tools on quality 
of 3D printed parts," Computer-Aided Design & Applications (Taylor & Francis Ltd), vol. 13, p. 14, 
02// 2016. 
 

[20] Z. Weng, J. Wang, T. Senthil, and L. Wu, "Mechanical and thermal properties of 
ABS/montmorillonite nanocomposites for fused deposition modeling 3D printing," Materials & 
Design, vol. 102, pp. 276-283, 2016. 
 

[21] T. M. Barker, W. J. S. Earwaker, and D. A. Lisle, "Accuracy of stereolithographic models of human 
anatomy," Australasian Radiology, vol. 38, pp. 106-111, 1994. 
 

[22] D. Inc. Accura® Stereolithography (SLA®) Material Selection Guide.  
 

[23] U. G. Student, "Rapid Prototyping--Additive/Solid Free Form Manufacturing in Automobile 
Engineering," 2015. 
 

[24] C. Yan, Y. Shi, J. Yang, and J. Liu, "Multiphase Polymeric Materials for Rapid Prototyping and 
Tooling Technologies and Their Applications," Composite Interfaces, vol. 17, pp. 257-271, 2010. 
 

[25] R. Hague*, S. Mansour, and N. Saleh, "Material and design considerations for rapid 
manufacturing," International Journal of Production Research, vol. 42, pp. 4691-4708, 2004. 
 

[26] N. Hill and M. Haghi, "Deposition direction-dependent failure criteria for fused deposition 
modeling polycarbonate," Rapid Prototyping Journal, vol. 20, pp. 221-227, 2014. 
 

[27] u. Novakova-Marcincinova and o. Novak-Marcincin, "Applications of rapid prototyping fused 
deposition modeling materials," Annals of DAAAM & Proceedings, vol. 23, pp. 0057-0060, 2012. 
 

[28] N. Volpato, J. Aguiomar Foggiatto, and D. Coradini Schwarz, "The influence of support base on 
FDM accuracy in Z," Rapid Prototyping Journal, vol. 20, pp. 182-191, 2014. 
 
 



 

56 
 

[29] D. Bourell, R. Ilardo, and C. B. Williams, "Design and manufacture of a Formula SAE intake 
system using fused deposition modeling and fiber‐reinforced composite materials," Rapid 
Prototyping Journal, vol. 16, pp. 174-179, 2010. 
 

[30] M. Liang, C. Shemelya, E. MacDonald, R. Wicker, and H. Xin, "3-D Printed Microwave Patch 
Antenna via Fused Deposition Method and Ultrasonic Wire Mesh Embedding Technique," IEEE 
Antennas and Wireless Propagation Letters, vol. 14, pp. 1346-1349, 2015. 
 

[31] F. Lucklum, S. Janssen, W. Lang, and M. J. Vellekoop, "Miniature 3D Gas Chromatography 
Columns with Integrated Fluidic Connectors Using High-resolution Stereolithography 
Fabrication," Procedia Engineering, vol. 120, pp. 703-706, 2015. 
 

[32] T. Kanai and M. Tsuchiya, "Microfluidic devices fabricated using stereolithography for 
preparation of monodisperse double emulsions," Chemical Engineering Journal, vol. 290, pp. 
400-404, 2016. 
 

[33] S. Nayar, S. Bhuminathan, and W. M. Bhat, "Rapid prototyping and stereolithography in 
dentistry," Journal of pharmacy &amp; bioallied sciences, vol. 7, pp. S216-S216, 2015. 
 

[34] Y.-L. Cheng, Y.-T. Lin, and K.-S. Shih, "Rapid Prototyping Mandible Model for Dental Implant 
Surgery Simulation," Computer-Aided Design and Applications, vol. 9, pp. 177-185, 2012. 
 

[35] L. Romero, M. Jimenez, M. Espinosa Mdel, and M. Dominguez, "New Design for Rapid 
Prototyping of Digital Master Casts for Multiple Dental Implant Restorations," PLoS One, vol. 10, 
p. e0145253, 2015. 
 

[36] A. L. Jardini, M. A. Larosa, R. Maciel Filho, C. A. de Carvalho Zavaglia, L. F. Bernardes, C. S. 
Lambert, et al., "Cranial reconstruction: 3D biomodel and custom-built implant created using 
additive manufacturing," Journal of Cranio-Maxillofacial Surgery, vol. 42, pp. 1877-1884, 2014. 
 

[37] C. Schroder, A. Steinbruck, T. Muller, M. Woiczinski, Y. Chevalier, P. Weber, et al., "Rapid 
prototyping for in vitro knee rig investigations of prosthetized knee biomechanics: comparison 
with cobalt-chromium alloy implant material," Biomed Res Int, vol. 2015, p. 185142, 2015. 
 

[38] H. Fan, J. Fu, X. Li, Y. Pei, X. Li, G. Pei, et al., "Implantation of customized 3-D printed titanium 
prosthesis in limb salvage surgery: a case series and review of the literature," World J Surg 
Oncol, vol. 13, p. 308, 2015. 
 

[39] D. Singh, D. Singh, and S. S. Han, "3D printing of scaffold for cells delivery: advances in skin tissue 
engineering," Polymers, vol. 8, pp. 19-19, 2016. 
 

[40] B. Aldemir, S. Dikici, Ş. ÖZtÜRk, O. Kahraman, A. Ş. ÜRkmez, and H. Oflaz, "3D Tissue Scaffold 
Printing On Custom Artificial Bone Applications," SDÜ Fen Bilimleri Enstitüsü Dergisi, vol. 18, 
2014. 
 

[41] T. R. Correia, D. R. Figueira, K. D. de Sá, S. P. Miguel, R. G. Fradique, A. G. Mendonça, et al., "3D 
printed scaffolds with bactericidal activity aimed for bone tissue regeneration," International 
journal of biological macromolecules, 2016. 



 

57 
 

[42] I. S. Khan, P. D. Kelly, and R. J. Singer, "Prototyping of cerebral vasculature physical models," 
Surg Neurol Int, vol. 5, p. 11, 2014. 
 

[43] A. S. Rose, J. S. Kimbell, C. E. Webster, O. L. Harrysson, E. J. Formeister, and C. A. Buchman, 
"Multi-material 3D Models for Temporal Bone Surgical Simulation," Ann Otol Rhinol Laryngol, 
vol. 124, pp. 528-36, Jul 2015. 
 

[44] L. Yang, X. W. Shang, J. N. Fan, Z. X. He, J. J. Wang, M. Liu, et al., "Application of 3D Printing in 
the Surgical Planning of Trimalleolar Fracture and Doctor-Patient Communication," Biomed Res 
Int, vol. 2016, p. 2482086, 2016. 
 

[45] A. Melocchi, F. Parietti, G. Loreti, A. Maroni, A. Gazzaniga, and L. Zema, "3D printing by fused 
deposition modeling (FDM) of a swellable/erodible capsular device for oral pulsatile release of 
drugs," Journal of Drug Delivery Science and Technology, vol. 30, pp. 360-367, 2015. 
 

[46] M. Fantini, F. De Crescenzio, L. Ciocca, and F. Persiani, "Additive manufacturing to assist 
prosthetically guided bone regeneration of atrophic maxillary arches," Rapid Prototyping 
Journal, vol. 21, pp. 705-715, 2015. 
 

[47] M. S. Jumani, S. Shaikh, and S. A. Shah, "Fused deposition modeling technique (FDM) for 
fabrication of custom-made foot orthoses: A cost and benefit analysis," Science International, 
vol. 26, p. 2571, 11// 2014. 
 

[48] C. Zhou, K. Yang, K. Wang, X. Pei, Z. Dong, Y. Hong, et al., "Combination of fused deposition 
modeling and gas foaming technique to fabricated hierarchical macro/microporous polymer 
scaffolds," Materials & Design, vol. 109, pp. 415-424, 2016. 
 

[49] A. Owida, R. Chen, S. Patel, Y. Morsi, and X. Mo, "Artery vessel fabrication using the combined 
fused deposition modeling and electrospinning techniques," Rapid Prototyping Journal, vol. 17, 
pp. 37-44, 2011. 
 

[50] T. Patrício, M. Domingos, A. Gloria, U. D'Amora, J. F. Coelho, and P. J. Bártolo, "Fabrication and 
characterisation of PCL and PCL/PLA scaffolds for tissue engineering," Rapid Prototyping Journal, 
vol. 20, pp. 145-156, 2014. 
 

[51] L. W. McKeen, "3 - Plastics Used in Medical Devices A2 - Modjarrad, Kayvon," in Handbook of 
Polymer Applications in Medicine and Medical Devices, S. Ebnesajjad, Ed., ed Oxford: William 
Andrew Publishing, 2014, pp. 21-53. 
 

[52] (11/15/17). High-density Polyethylene (HDPE)  Available: 
https://www.whiteclouds.com/3dpedia-index/high-density-polyethylene-hdpe 
 

[53] J. Suwanprateeb, S. Kerdsook, T. Boonsiri, and P. Pratumpong, "Evaluation of heat treatment 
regimes and their influences on the properties of powder-printed high-density polyethylene 
bone implant," Polymer International, vol. 60, pp. 758-764, 2011. 
 
 

https://www.whiteclouds.com/3dpedia-index/high-density-polyethylene-hdpe


 

58 
 

[54] J. Suwanprateeb and R. Chumnanklang, "Three-dimensional printing of porous polyethylene 
structure using water-based binders," Journal of Biomedical Materials Research Part B: Applied 
Biomaterials, vol. 78B, pp. 138-145, 2006. 

[55] C. Mavroidis, R. G. Ranky, M. L. Sivak, B. L. Patritti, J. DiPisa, A. Caddle, et al., "Patient specific 
ankle-foot orthoses using rapid prototyping," Journal of NeuroEngineering & Rehabilitation 
(JNER), vol. 8, pp. 1-11, 2011. 
 

[56] 3DXMAX® CARBON FIBER NYLON 3D PRINTING FILAMENT 

[57] M. Kettner, P. Schmidt, S. Potente, F. Ramsthaler, and M. Schrodt, "Reverse engineering--rapid 
prototyping of the skull in forensic trauma analysis," J Forensic Sci, vol. 56, pp. 1015-7, Jul 2011. 
 

[58] B. D. Harris, S. Nilsson, and C. M. Poole, "A feasibility study for using ABS plastic and a low-cost 
3D printer for patient-specific brachytherapy mould design," Australasian Physical & Engineering 
Sciences In Medicine, p. 399, 2015. 
 

[59] 3D PRINTING POLYCARBONATE FILAMENT 

[60] W. C. Smith and R. W. Dean, "Structural characteristics of fused deposition modeling 
polycarbonate material," Polymer Testing, vol. 32, pp. 1306-1312, 2013. 
 

[61] H. H. Chan, J. H. Siewerdsen, A. Vescan, M. J. Daly, E. Prisman, and J. C. Irish, "3D Rapid 
Prototyping for Otolaryngology-Head and Neck Surgery: Applications in Image-Guidance, 
Surgical Simulation and Patient-Specific Modeling," PLoS One, vol. 10, p. e0136370, 2015. 
 

[62] G. V. Salmoria, P. Klauss, K. M. Zepon, and L. A. Kanis, "The effects of laser energy density and 
particle size in the selective laser sintering of polycaprolactone/progesterone specimens: 
morphology and drug release," The International Journal of Advanced Manufacturing 
Technology, vol. 66, pp. 1113-1118, 2012. 
 

[63] N. Xu, X. Ye, D. Wei, J. Zhong, Y. Chen, G. Xu, et al., "3D artificial bones for bone repair prepared 
by computed tomography-guided fused deposition modeling for bone repair," ACS Appl Mater 
Interfaces, vol. 6, pp. 14952-63, Sep 10 2014. 
 

[64] "Advances in medical technology. (cover story)," Mayo Clinic Health Letter, vol. 34, pp. 1-3, 
2016. 
 

[65] S.-J. Wang, Z.-Z. Zhang, D. Jiang, Y.-S. Qi, H.-J. Wang, J.-Y. Zhang, et al., "Thermogel-Coated 
Poly(ε-Caprolactone) Composite Scaffold for Enhanced Cartilage Tissue Engineering," Polymers, 
vol. 8, p. 200, 2016. 
 

[66] D. Steffens, R. Alvarenga Rezende, B. Santi, F. D. Alencar de Sena Pereira, P. Inforçatti Neto, J. V. 
Lopes da Silva, et al., "3D-printed PCL scaffolds for the cultivation of mesenchymal stem cells," 
Journal of applied biomaterials &amp; functional materials, vol. 14, 2016. 
 

[67] C. Choong, J. T. Triffitt, and Z. F. Cui, "Polycaprolactone Scaffolds for Bone Tissue Engineering," 
Food and Bioproducts Processing, vol. 82, pp. 117-125, 2004. 



 

59 
 

[68] W. Wu, P. Geng, G. Li, D. Zhao, H. Zhang, and J. Zhao, "Influence of layer thickness and raster 
angle on the mechanical properties of 3D-printed PEEK and a comparative mechanical study 
between PEEK and ABS," Materials, vol. 8, pp. 5834-5846, 2015. 
 

[69] B. M. Tymrak, M. Kreiger, and J. M. Pearce, "Mechanical properties of components fabricated 
with open-source 3-D printers under realistic environmental conditions," Materials &amp; 
Design, vol. 58, pp. 242-246, 2014. 
 

[70] D. Eujin Pei, A. Lanzotti, M. Grasso, G. Staiano, and M. Martorelli, "The impact of process 
parameters on mechanical properties of parts fabricated in PLA with an open-source 3-D 
printer," Rapid Prototyping Journal, vol. 21, pp. 604-617, 2015. 
 

[71] B. Wittbrodt and J. M. Pearce, "The effects of PLA color on material properties of 3-D printed 
components," Additive Manufacturing, vol. 8, pp. 110-116, 2015. 
 

[72] A. Tsouknidas, M. Pantazopoulos, I. Katsoulis, D. Fasnakis, S. Maropoulos, and N. Michailidis, 
"Impact absorption capacity of 3D-printed components fabricated by fused deposition 
modelling," Materials & Design, vol. 102, pp. 41-44, 2016. 
 

[73] Z. Ortega, M. E. Alemán, A. N. Benítez, and M. D. Monzón, "Theoretical–experimental evaluation 
of different biomaterials for parts obtaining by fused deposition modeling," Measurement, vol. 
89, pp. 137-144, 2016. 
 

[74] A. Farzadi, M. Solati-Hashjin, M. Asadi-Eydivand, and N. A. A. Osman, "Effect of layer thickness 
and printing orientation on mechanical properties and dimensional accuracy of 3D printed 
porous samples for bone tissue engineering," PloS one, vol. 9, pp. e108252-e108252, 2014. 
 

[75] L. Petrin, W. Wei, D. Gastaldi, L. Altomare, S. Farè, and F. Migliavacca, "Development of 
biodegradable magnesium alloy stents with coating," Frattura e Integrita Strutturale, pp. 364-
375, 2014. 

 

 

 

 

 

 

 

 

 

  


