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ABSTRACT 

INFLUENCE OF 3D BIOPRINTING PARAMETERS ON 

PRINTABILITY AND MECHANICAL BEHAVIOR OF THE 

PCL SCAFFOLD 

 

Saniye Aylin CEYLAN  

MSc. in Bioengineering 

Advisor: Assoc. Prof. İsmail Alper İŞOĞLU 

June 2023 

Polycaprolactone (PCL) is a synthetic polymer that exhibits desirable properties 

such as biodegradability, tolerable mechanical properties, and biocompatibility for a 

diverse range of tissue engineering applications. In this study, we analyzed the effects of 

polymer concentration (10%, 25%, 50% and 75% w/v), solvent effect (dichloromethane, 

chloroform and acetic acid), and device parameters (pressure, speed, nozzle-surface 

distance, nozzle gauge, infill density) on printed scaffolds fabricated through 3D 

Bioprinting. Scanning electron microscopy (SEM) and optical microscopy were used to 

assess printability, and uniaxial tensile testing was performed to evaluate mechanical 

behavior. The aim of this study was to investigate the effects of different printing speeds 

(5 mm/s, 10 mm/s, and 15 mm/s) on the mechanical properties of PCL_DCM and 

PCL_CF scaffolds. The scaffolds printed at the lowest speed exhibited the highest 

ultimate tensile strength (UTS) values. Scaffolds printed at 5 mm/s with the highest 

printing pressure (480 kPa) demonstrated a remarkably high Young's modulus of 39.69 

MPa and a UTS value of 6.4 for PCL_DCM, as well as Young's modulus of 26.80 MPa 

and a UTS value of 6.3 MPa for PCL_CF. Additionally, we investigated the influence of 

polymer concentrations (50% and 75%) and infill densities (50%, 70%, and 90%). The 

results showed that increasing the infill density and using a lower concentration (50%) 

led to improvements in Young's modulus and UTS values for both PCL_DCM and 

PCL_CF scaffolds. These results highlight the importance of carefully controlling 

printing parameters to optimize the mechanical properties of the printed scaffolds.  

Keywords: 3D Bioprinting, extrusion-based 3D Bioprinting, polycaprolactone (PCL), 

mechanical analysis. 
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ÖZET 

3D BİYOBASKI PARAMETRELERİNİN PCL İSKELESİNİN 

BASILABİLİRLİĞİ VE MEKANİK DAVRANIŞI ÜZERİNDEKİ 

ETKİSİ 

 

Saniye Aylin CEYLAN 

Biyomühendislik Anabilim Dalı Yüksek Lisans 

Tez Yöneticisi: Doç. Dr. İsmail Alper İŞOĞLU 

Haziran-2023 

Polikaprolakton (PCL), çeşitli doku mühendisliği uygulamaları için uygun 

özelliklere sahip, biyolojik olarak parçalanabilen sentetik bir polimerdir. Çalışmada 

polimer konsantrasyonu (%10, %25, %50 ve %75 w/v), çözücü etkisi (diklorometan, 

kloroform ve asetik asit) ve cihaz parametrelerinin (basınç, hız, nozul-yüzey mesafesi, 

nozul,dolgu yoğunluğu) etkisi basılabilirlik için tarama elektronu (SEM) ve optik 

mikroskopi ve mekanik davranış için tek eksenli çekme testi kullanılarak analiz edildi. 

Farklı baskı hızlarının (5, 10 ve 15 mm/sn) PCL_DCM ve PCL_CF yapı iskelelerinin 

mekanik özellikleri üzerindeki etkilerini araştırması amaçlamıştır. En düşük hızdaki 

iskeleleri, en yüksek nihai gerilme mukavemeti (UTS) değerlerini sergiledi. En yüksek 

baskı basıncıyla (480 kPa), 5 mm/s'de yazdırılan yapı iskeleleri PCL_DCM için 39,69 

MPa'lık oldukça yüksek bir Young modülü ve 6,4'lük bir UTS değeri ve 26,80 MPa'lık 

bir Young modülü ve 6,3 MPa'lık bir UTS değeri gösterdi. Polimer konsantrasyonlarının 

(%50 ve %75) ve dolgu yoğunluklarının (%50, %70 ve %90) etkisini araştırmıştır. Dolgu 

yoğunluğunu artırmanın ve daha düşük konsantrasyonun (%50) hem PCL_DCM hem de 

PCL_CF yapı iskeleleri için Young modülü ve UTS değerlerinde iyileşmelere yol açtığını 

gösterdi. Bulgular, iskelelerin mekanik özelliklerini optimize etmek için baskı 

parametrelerini dikkatli bir şekilde kontrol etmenin önemini vurgulamaktadır. 

Anahtar kelimeler: 3B Biyoyazıcı, Püskürtmeli 3B Biyoyazıcı, polikaprolakton (PCL), 

mekanik analiz  
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Chapter 1 

Introduction  

1.1 Tissue Engineering  

Tissue engineering is an interdisciplinary field that uses combination of cells, 

engineering, materials methods, and appropriate biochemical and physicochemical 

factors to repair, maintain, and heal different tissues [1]. In order to repair the damaged 

tissues, some specific artificial materials have been produced and implanted in the body 

or on the surface of the body so that the cells can grow and regain their functionality. 

These structures act as natural extracellular matrix (ECM) and create a three-dimensional 

(3D) structure for cells [2]. The ECM provides structural support and a physical 

environment for cell growth, proliferation, and activation of intracellular signaling 

pathways, as shown in Figure 1.1. In addition, the ECM provides information about the 

structure of the tissue. ECM defines hardness and elastic properties. For example, while 

bone tissue has high strength, its elastic properties are weak; on the other hand, tendon 

tissues are very resistant to stretching thanks to type 1 collagen bundles and have high 

elastic properties [3-4]. Collagen and elastin fibers are responsible for the elastic behavior 

of the tissue. At the same time, since it supports intercellular signaling pathways, 

regeneration and migration of cells will be limited in case of tissue loss for any reason. 

For this reason, tissue engineering produces structures called scaffolds that mimic the 

ECM for cells, which are suitable for attachment [3-5-6]. 
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Figure 1.1 Components of Extracellular matrix (ECM) [7].  

Tissue engineering is based on the interaction between cells, signals (growth 

factors, small molecules, etc.), and biomaterials. As of the 1990s, the use of scaffolds 

which provide cell attachments and cellular signaling pathways, has increased 

significantly developing in the field of tissue engineering. Scaffolds are three-

dimensional structures that ensure mechanical and biological supports [8]. Scaffolds 

should be biocompatible and biodegradable, have mechanical properties suitable for 

tissues, and show porosity appropriate for attachment, proliferation, and migration of cells 

[9-10-11]. Scaffolds with these features accelerate healing by creating an appropriate host 

response for tissue healing [11]. The materials used in the production of scaffolds can be 

categorized as natural and synthetic biomaterials . Scaffolds made of biomaterials are 

produced using different production techniques [9]. 

 

1.2. Fabrication Techniques of the Scaffolds for the 

Tissue Engineering Applications 
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The primary classification for fabrication technique can be divided into two groups 

conventional techniques and rapid prototyping as depicted in Figure 1.2. Conventional 

fabrication techniques, also known as traditional manufacturing methods, constitute a 

wide range of fields in scaffolding production. The production techniques demonstrated 

in Figure 1.3 have been frequently preferred due to their many advantages such as 

fabrication possibilities with varying pore sizes, high interconnectivity. In spite of their 

advantages, there are critical drawbacks such as inadequate mechanical integrity, small 

pore size and, small-scale production [12]. But, in recent years new methods have also 

been developed due to the need for these requests, such as the production of rapid and 

higher precision, large-scale production, sufficient mechanical properties, and patient-

specific manufacturing [13-14]. 

          Additive manufacturing technologies, known as rapid prototyping (RP) have 

gained increasing interest in tissue engineering as they offer the ability to create 3D 

structures through repetitive deposition and processing of material layer by layer. Rapid 

prototyping techniques include three-dimensional printing (3DP), fused deposition 

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

as described in Figure 1.4. RP has been primarily used for product designs and quick and 

easy prototyping in manufacturing industries. Recently, researchers have also used it for 

producing patient-specific implants such as artificial limbs, prosthetic implants.  To create 

patient-specific models are formed a model using MRI (Magnetic resonance imaging), 

CT (computed tomography) scans of patients or computer-aided design (CAD) of an 

object directly with special software [15].  
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Figure 1.2 Classification of fabrication technique in tissue engineering [7]. 

1.2.1 Solvent Casting and Particle Leaching 

Solvent casting/particle leaching is a commonly used technique for preparing 

porous scaffolds with controlled pore size and porosity. This method involves dissolving 

particles of different sizes and numbers in a solvent to create a mixture that is then cast 

into a mold. After the solvent is evaporated, the particles are leached out, leaving behind 

a porous structure. Various materials can be used as pore-forming agents in this technique, 

such as sodium chloride particles, sugar particles, ice particles, and paraffin microspheres. 

The pore size and porosity of the scaffold can be precisely controlled by adjusting the 

size and number of the particles, as well as the freezing temperature [16]. One of the 

significant challenges faced in this technique is the poor mechanical properties of high-

porosity materials. To address this, researchers have studied different solvent systems and 

additives to improve the quality of the resulting scaffold. For example, the addition of 

plasticizers like glycerin, polyethylene glycol, and sorbitol can enhance the tensile 

strength and flexibility of the scaffold. Thus, reinforced tensile strength and improved 

flexibility make the scaffolds more suitable for tissue engineering applications.  

Another limitation is that SCPL can not form homogenous distribution within the 

scaffold even it provides high porosity changing between 50% and 95% within the 

scaffold [18]. However, this technique is a relatively low-cost and straightforward method 

for producing porous polymer scaffolds, and it can be optimized to meet specific tissue 

engineering requirements. 
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1.2.2 Electrospinning  

Electrospining is a versitale technology that produces micro and nanoscale fibers 

with a wide range of potential applications, including tissue engineering, medical, wound 

dresing, and drug delivery. The components of electrospinning consist fundamentally of 

three parts: a power supply, metallic needle, and collector. Taylor cone plays a crucial 

role in the electrospinning technique. Basically, a liquid polymer solution is electrically 

charged and afterward ejected from a syringe tip to form a nanofibrous scaffold. The 

Taylor cone is formed when the electric force at the polymer solution's surface overcomes 

the liquid's surface tension. This part result in a cone-shaped droplet produced from the 

syringe tip. As the electric field increases, the droplet elongates and eventually forms a 

jet that is deposited on a collector to form a nanofibrous scaffold [18-19]. By controlling 

various factors, such as polymer solution and environmental conditions, nanofibers can 

be designed with specific properties such as high porosity, roughness, and tunable 

mechanical properties [19-20]. Therefore, it is essential to optimize these variables to 

produce electrospun nanofibers with ideal properties for specific applications such as 

wound dressing and drug delivery  [21].  

Recent studies have shown that increasing the specific surface area and decreasing 

the fiber diameter of electrospun nanofibers can enhance scaffold performance to support 

the growth of cells and tissues due to high interconnected porosity  [22]. Additionally, 

electrospun nanofibers allow cell attachment, proliferation, and differentiation to specific 

tissue types  [23]. Despite its many advantages, electrospinning still has some limitations 

due to the use of solvents. Solvents are highly toxic and depend on a high environmental 

impact. Therefore, the use of large volumes of solvents in electrospinning is time-

consuming and expensive as well as toxic effects [24].  

1.2.3 Thermally-Induced Phase Separation 

          Thermally-induced phase separation (TIPS) is a widely used method for fabricating 

microporous membranes, which finds numerous applications in various fields such as 

tissue engineering and biomedical devices [25]. The TIPS process can be adapted to 

different polymers, solvents, and non-solvents to obtain membranes with specific 

properties such as pore size, morphology, mechanical strength, and chemical resistance 

[26]. The TIPS process involves several steps including polymer solution preparation, 
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film casting, quenching, and solvent extraction. The first step is to dissolve the polymer 

in a suitable diluent at an elevated temperature to obtain a homogeneous solution. The 

polymer concentration and the temperature are critical parameters that affect the polymer 

solubility and the phase separation behavior  [27]. A higher polymer concentration or a 

lower temperature can promote phase separation and lead to smaller pore sizes. The next 

step is to cast the polymer solution into a film using a suitable method such as spin-

coating, dip-coating, or extrusion TIPS provides the ability to prepare membranes from a 

variety of polymers and high interconnectivity of scaffolds.  Even though its advantages, 

TIPS also has some drawbacks and challenges that must be considered. One of the 

significant limitations is controlling the morphology and pore size distribution of the 

membrane, which can be affected by factors such as the composition of the polymer 

solution and the extraction conditions. Another challenge is that the TIPS process is the 

control of membrane thickness.  Controlling the membrane thickness is crucial since it 

can significantly affect the properties of the membrane such as its permeability, 

selectivity, and mechanical strength. For instance, the increased thickness of the 

membrane is to provide a favorable environment with a larger surface area for the 

attachment and proliferation of cells [28]. Furthermore, the TIPS process is sensitive to 

variations in processing conditions and requires careful optimization to achieve consistent 

and reproducible membrane properties. However, it can be carefully considered and 

optimized to achieve the desired membrane properties and performance to overcome 

these limitations  [26-29]. 
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Figure 1.3 Demonstration of conventional prototyping techniques in scaffold 

fabrication [7]. 

1.2.4 Gas Foaming  

          Gas foaming is a promising fabrication technique in tissue engineering that allows 

the creation of porous structures. The technique involves introducing inert gases such as 

carbon dioxide or nitrogen into a modeled polymer sample and creating bubbles using a 

chemical blowing agent  [30]. When the sample is brought to atmospheric pressure, CO2 

expands to create pores within the polymer.  This technique can produce scaffolds with 

pore sizes ranging from 30-700 μm and porosity rates of up to 85% [31]. However, 

controlling pore size and interconnectivity remains a challenge, and inhomogeneous 

deposition can lead to reproducibility problems. This can limit the ability of gas foaming 

to create scaffolds with precisely controlled pore sizes and interconnectivity. Researchers 

continue to explore ways to improve the technique's reproducibility and control over pore 

size and interconnectivity to overcome these limitations and create more effective 

scaffolds for tissue engineering. Notwithstanding these limitations during fabricating 

scaffold, it has a significant advantage compared to most fabrication techniques such as 

electrospinning, TIPS using solvents. Gas foaming eliminates the risk of cytotoxicity 

associated with solvents and porogens, which can be harmful to cells  [32].  

1.2.5 Freeze Drying  

          Freeze drying, also known as lyophilization or cryodesiccation, is a dehydration 

technique used in various fields such as biomedicine, tissue engineering, and food 

preservation. The process involves freezing the sample and then reducing the pressure to 

allow the frozen water to sublimate directly from a solid to a gas without going through 

a liquid phase [33-34]. This process results in a dry and porous product that maintains its 

original shape. Freeze drying is a particularly preferable technique in tissue engineering, 

where it can be used to produce scaffolds with high porosity and controlled pore sizes. 

The porosity and pore size can be controlled by adjusting the freezing rate, polymer 

concentration, and temperature. However, one of the significant disadvantages of this 

technique is that the scaffolds have insufficient mechanical structure and cannot be used 

in load-bearing tissue engineering applications such as bone tissue [35]. One of the 

benefits of freeze drying is that it can dry samples at low temperatures, which prevents 
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product deterioration caused by heat. Additionally, the humidity of the final product can 

be controlled, and the product's structure can be preserved during the process [36].  

 

Figure 1.4 Demonstration of rapid prototyping techniques in scaffold fabrication 

[23]. 

1.2.6 Fused Deposition Modeling  

Fused Deposition Modeling (FDM) is known for its ease of use and versatility, as 

it can produce complex geometries and functional parts with a variety of materials [37]. 

In recent years, FDM has been widely used in a range of industries, from aerospace and 

automotive to medical and dental. Its applications include prototyping, tooling, and even 

end-use parts. FDM has proven particularly useful in biomaterial research for fabricating 

scaffolds and implants with tailored mechanicalstructures and properties. In this process, 

the filament (usually made of thermoplastic material) is fed through a heated nozzle. 

Melting materials extrude onto a build platform layer by layer, following the path defined 

by the g-code instructions. Some of the critical advantages of FDM include its relatively 

low cost and high accuracy, as well as the ability to produce parts with a range of 

mechanical properties (e.g., flexibility, strength, and durability). Additionally, FDM does 

not require any post-processing steps and is generally faster than other 3D printing 

methods. But, the limited number of polymers to be used in this technique and the 

inability to work with different material combinations are the most limiting aspects of 

the system [37]. 

1.2.7 Stereolithography  
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Stereolithography (SLA) is an additive manufacturing process that uses an 

ultraviolet laser beam to cure a liquid photopolymer layer by layer. The system consists 

of four essential components: (i) a UV laser source, (ii) a photosensitive liquid resin tank, 

(iii) mirrors, (iv) and a movable platform. During the build process, the process involves 

a platform that sits in a vat of liquid epoxy resin or an acrylate resin. The platform is 

incrementally lowered after each layer of the photo-sensitive polymer has been exposed 

to the laser beam. In the SLA process, the laser scans the predefined area according to the 

slice information and cures the resin in a defined penetration depth. After each layer is 

cured, the platform is lowered, and new resin is applied to the surface of the previous 

layer. The next layer is then generated and bonded to the previous layer, and this process 

is repeated until the 3D object is complete. SLA offers several advantages, including the 

ability to produce 3D objects with relatively accurate geometries, create complex 

geometries, and produce smooth surfaces suitable for post-processing like coating and 

plating. Otherside, SLA requires support structures to be built to support overhanging 

features during the build, need thermal post-curing, and more post-processing time [38]. 

Additionally, SLA needs several post-processing parts such as removing support 

structures, cleaning, and extra curing in UV oven. Therefore this process can be 

challenging to predict and control because of these limitations.  

1.2.8 Selective Laser Sintering  

SLS is a method that enables the 3D structure to be obtained by compressing 

(sintering) the powder particles with the help of the laser energy of the powder sample 

[39]. Polymer, metal, or ceramics can be used in this method, and possible to work with 

composite materials [40-41]. It is beneficial for creating parts with intricate geometries, 

such as porous scaffolds for tissue engineering. The technique produces structures with 

excellent mechanical properties. As the sintered particles are tightly fused to each other, 

a dense and strong structure is obtained.  The microstructures of the produced scaffold 

can be controlled by adjusting the percentage ratios of the mixture consisting of different 

materials. This process needs additional processes, such as bringing it from high 

temperature to room conditions after the sintering process  [42]. 
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1.3 3D Bioprinting 

3D Bioprinting, also known as additive manufacturing, has started to attract more 

attention in recent years. 3D bioprinting has paved the way for developments in tissue 

engineering in recent years by producing layer-by-layer structures quickly and effectively 

with a bottom-up approach [43]. Additionally, it enables scalable and complex geometries 

with the help of three-dimensional(3D) computer tools [44-45]. It is possible to create 

different geometries in CAD / CAM programs, as can be obtained from images such as 

MRI and tomography from the patient [46]. The 3D bioprinter enables the utilization of 

various substances such as polymers, cells, bioactive particles, medications, and growth 

factors.  Thanks to 3D Bioprinting, it becomes possible to generate heterocellular 

microenvironments, which have facilitated numerous types of research compared to 

conventional manufacturing methods. [47]. The structures that can imitate the natural 

cellular structure enable the tissues to capture their natural structure and functionality 

again. Moreover, these structures provide the appropriate 3D support structure for cells 

to adhesion, proliferation, and migration and accelerate the healing process of damaged 

tissues. As the 3D printer offers micropores, it supports gas and nutrient exchange 

between layers and provides appropriate porosity for intracellular and intercellular 

communication  [48]. In this way, 3D Bioprinters are an excellent option for designing 

suitable conditions for obtaining physiological outputs before in vivo experiments. 

Figure 1.5 illustrates using inks as biomaterials and bioink in 3D bioprinting. 3D 

bioprinters utilize bioinks containing living cells or biomaterial inks to produce 3D-

printed tissues [49]. Biomaterial inks, unlike bioinks, do not have cells due to the 

limitations in the printing process, which may damage cells using organic solvents. 

Therefore, cell cultivation is carried out on the printed structure in cell culture [50]. The 

printing procedure starts with the preparation of the ink and the creation of the model to 

be printed. The desired structure is then obtained by the material deposition method, 

followed by necessary characterizations of the printed structure. With the help of 

bioprinting, a variety of research can be conducted in tissue engineering, pave the way 

for innovative solutions for organ loss, which is a major concern [51]. 
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Figure 1.5 Inks using 3D Bioprinting [52]. 

3D Bioprinters can be classified into three main categories: inkjet-based, laser-

assisted, and extrusion-based bioprinting shown in Figure 1.6. Different 3D bioprinters 

use different mechanisms for layer-by-layer deposition of materials to create 3D 

structures . The chose of a 3D bioprinter depends on the specific requirements of the 

intended application, including the viscosity of the ink, the presence of cells, the targeted 

resolution, accuracy, or shape of the geometry [53].  
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Figure 1.6 Types of 3D Bioprinting: (a) laser-assisted bioprinting; (b) inkjet 

bioprinting; (c) extrusion based bioprinting [54]. 

1.3.1 Inkjet Based 3D Bioprinting 

          Inkjet bioprinters have the ability to print complex tissue structures with high 

resolution and accuracy, making them ideal for a wide range of applications in tissue 

engineering and regenerative medicine. This technologhy allows for precise control over 

the size and shape of the droplets that are deposited onto the substrate. Ink-printed 

bioprinters are often preferred due to their easy accessibility, high printing control, and 

low cost [55]. Basically, inkjet bioprinters use thermal or acoustic energy to print of 

materials. Bioprinters with thermal ink rise up to high temperatures (200-300 °C) and 

allow the bioink to come out in the form of bubbles. However, prolonged exposure to 

high temperatures or repeated thermal cycles can lead to damage and death of the cells. 

Acoustic inkjet bioprinters are a promising technology for the field of bioprinting, with 

the potential to create complex and functional tissues and organs. Ongoing research 

accerates necessary to expand the range of materials that can be used, improve printing 

resolution and accuracy, and optimize the cross-linking process to achieve optimal 

outcomes. Acoustic inkjet bioprinters use piezoelectric crystals for printing and bioink 

pulses at the printhead to form droplets on the surface. Acoustic inkjet bioprinters use 

piezoelectric crystals to create pulses that generate the droplets of bioink. When a voltage 

is applied to the piezoelectric crystals, they vibrate at a high frequency generating 

pressure waves. These pressure waves create droplets that are ejected from the printhead 

and deposited onto the printing surface. Acoustic inkjet bioprinters allow for high-

throughput printing, precise control over droplet size and placement, and the ability to 

print onto irregular and non-flat surfaces. Additionally, because the printing process is 

non-contact, there is minimal damage to the printed cells or tissues in contrast to thermal 

inkjet bioprinters. However, the range of materials that can be used with acoustic inkjet 

bioprinters is limited, since the bioink must have suitable viscosity to be sprayed from the 

nozzle. In addition, extra supporting elements may be required to maintain the structural 

integrity of the printed structure. As a solution to these limitations, cross-linking 

techniques can be used to transform the bioink into a more solid form, which can improve 

mechanical stability and strength [56]. 
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1.3.2 Laser Assisted 3D Bioprinting or Laser Induced Forward Transfer 

          Laser-assisted 3D bioprinting is indeed a promising bioprinting technique that has 

the potential to produce high-resolution 3D structures for tissue engineering and 

regenerative medicine applications. Laser assisted 3D Bioprinting allows a cell-

containing ink surface to be deposited on the surface using a pulsed laser light source 

[57]. The non-contact nature of the technique allows for precise control over the 

deposition of the bioink, which can result in more accurate and reproducible structures. 

They consist of three essential parts; a pulsed laser source,bioink and laser pulse. The 

laser sourse is placed on a strip and at the bottom a surface where the ink is deposited 

after the laser pulse. The bioink is coated on a plate that allows the laser to be transmitted. 

The laser pulse pushes the heat-sensitive ink "from the plate" to the surface (Figure 1.6) 

[58]. The transfer of cells and other biological materials from the bioink to the surface 

depends on various factors, including the properties of the bioink, the characteristics of 

the laser, and the properties of the surface [59]. A sacrificial layer can be used to improve 

the optical properties of the bioink and facilitate its transfer to the surface.In spite of their 

advantages, one of the main challenges of laser-assisted 3D bioprinting is the cost and 

complexity of the equipment. The pulsed laser source and associated optics required for 

this technique can be expensive, which limits its accessibility to many researchers and 

labs. Additionally, the process can be more difficult to control than other 3D bioprinting 

techniques, which can result in lower printing efficiency and higher failure 

rates.Moreover , the use of sacrificial layers and coatings may introduce additional steps 

and materials that can complicate the printing process. 

1.3.3 Extrusion Based 3D Bioprinting 

           Extrusion-based bioprinting (EBB) is a widely used 3D bioprinting technique in 

tissue engineering applications due to its versatility and accessibility. One of the 

advantages of EBB is its ability to work with a wide range of viscosities, making it 

suitable for printing a variety of materials such as polymers, bioactive particles, and cells 

[60]. Additionally, EBB allows for the creation of desired strut diameters and pore 

structures by using different nozzle and needle types, making it highly customizable. Its 

commercial availability has made it even more important and preferred over other 3D 

bioprinting techniques [61].  
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           The biomaterials used in bioink should have adequate fluidity, compressibility, 

suitable mechanical properties, and biocompatibility to ensure the success of the 

bioprinting process. The printability of the bioink refers to its ability to produce accurate 

and high-quality structures through bioprinting strategies [62]. The choice of biomaterials 

and their properties can greatly impact the printability and functionality of the final 3D-

printed structures. 

There are three types of EBB: pneumatic, piston, and screw bioprinting as shown 

in Figure 1.7. In pneumatic systems, air pressure is used to push the solution through the 

nozzle/needle, and the structures are quickly created in the desired geometries with 

movements on the x-y-z-axis [51-63]. Pneumatic systems are commonly used in tissue 

engineering applications because of their high printing speed and their accuracy. 

 

 

 

Figure 1.7 Types of extrusion-based bioprinting [64]. 

1.3.3.1 Printing Parameters in 3D Extrusion Printing 

For tissue engineering and biomedical applications, it is essential to determine the 

appropriate parameter combinations that allow various types of bioprinting applications. 

3D bioprinting encompasses a wide array of adjustable device parameters, as represented 

in Figure 1.8 (a), offering it a dynamic process with numerous variables that can be 
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controlled to achieve desired outcomes in terms of mechanical and biological. These 

parameters affect their structural integrity, the surface's smoothness, and strut and pore 

dimensions (Figure 1.8 (b)) of the produced scaffolds. 

 

Figure 1.8 Changeable parameters on 3D Bioprinting during the printing process 

(a), representetive strut and pore size (b). 

One of the most critical parameter affecting surface roughness is z-offset value. Z-

offset value is the parameter that has a crucial impact on print quality in 3D printers and 

3D bioprinters. This value represents the distance between the nozzle tip and the surface 

to be printed. As can be seen in Figure 1.9, the structure to be produced is directly affected 

by the increase or decrease in the z-offset value. As the distance decreases, it crushes the 

strut surface, or on the other hand, increasing distance causes deposits at the nozzle tip 

and nonhomogeneous struts [65-66].  

 

 

a) b) 
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Figure 1.9 Representation of nozzle-to-surface height. (A) optimum height (B) height 

less than optimum (C) height leading to thinning lines (D) height resulting in 

breakage. The correct line width represented by your dashed line solid line width 

[67]. 

Strut size determine used nozzles and needles which can have different diameters 

with a variety of types (Figure 1.10). Choosing the appropriate nozzle or needle for 

applications is very important for printing process. Their geometry and the print length 

affect the shear stress. Especially in experiments with cells, the needle structure directly 

affects cell viability which can vary between 40% and 90%. The viability of the cells will 

decrease as the needle diameter decreases because higher pressures are required for 

decreasing needle diameter.  In addition, narrow-diameter nozzle or needle in printing 

processes take longer than large-diameter nozzle or needle tips. Nozzles have larger 

diameters than needles. With this feature, they need a faster flow rate than needles. In 

addition, cells are more damaged with this feature. For this reason, the nozzle is more 

preferable in high-viscosity studies. Their diameters affect the diameter of the struts 

formed ; that is, they determine the pore size and porosity, which is key factor for tissue 

engineering applications[68-69]. Additionaly, Ozbolat defined that the nozzle diameter 

should be equal to the distance between the surface and the nozzle(z-offset value).  

 

Figure 1.10 Needle and nozzle types used in EBB. (a) the types of needles, (b) 

dispensing nozzle.  

a) b) 
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Another significant parameters is infill density which determines the fill rate of the 

interior of the geometry to be printed. In the slicer programme (Repetitier Host), the 

geometry is defined with a infill rate between 0 and 100. The pore diameter, number of 

struts and weight of the part change with the infill ratio. As the infill density increases, 

the duration of the print increases. Increasing infill density affects the mechanical 

properties of the material sush as flexibility and stiffness. One of the remarkably 

advantages of 3D Bioprinting is the achievement of homogeneous and arrangeable pore 

structures. The infill density is a parameter used to adjust the desired pore diameters. As 

representative  in Figure 1.11, as the infill density rate increases, the number of struts in 

the scaffold increases and  pore size decreases[70-71]. 

           

Figure 1.11 Representative images of different infill density rates. 

1.4 Natural Polymers and Synthetic Polymers  

Biomaterials are the main requirement for fabricating scaffolds in tissue 

engineering.  Natural polymers have significant advantages compared to synthetic 

polymers for tissue engineering due to their similarity with ECM, biodegradation, and 

high biocompatibility. Natural polymers commonly studied for tissue engineering include 

proteins such as gelatin, collagens, and silk fibroin and polysaccharides like chitosan, 

alginate, and hyaluronic acid as shown in Figure 1.12 [72]. Since natural polymers are a 

part of the biological structure, they provide suitable conditions for cells.  

Collagen is the most abundant protein in the human body and there are over 29 

types of collagen, with type I being the most prevalent in bone tissue and type II in 

cartilage. Marine-derived collagen has also received attention as a cheaper alternative to 

mammalian collagen, which is easily extractable from marine waste residues [73]. Gelatin 

is a soluble protein derived from animal collagen through enzyme proccessing. Gelatin 

has elastic properties, lower antigenicity, excellent cell adhesion and accessible functional 
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parts for chemical modification [74]. It can effectively blend with natural and sythetic 

polymers to enchance bio-affinity and mechanical properties. Nanofibrous scaffolds 

made of gelatin are primarly used in large bone defect repair [75]. However, they have 

poor mechanical properties and a high degradation time for that need some modifications 

to eliminate these problem. Crosslinking and chemical modifications are often used to 

control the stiffness and structure of the scaffolds. Additionally, natural polymers are 

origin from natural sources, they are more difficult to produce easily and serially, unlike 

synthetic polymers. On the other hand, the mechanical properties, molecular weights, and 

physical forms of synthetic polymers can be easily manipulated. Synthetic  polymers have 

the high strength and stiffness needed for tissue engineering due to their abbility to self-

reinforce. However, most synthetic materials are poor in terms of cell adhesion. In order 

to reduce this effect, synthetic polymers are combined with bioceramics and natural 

polymers as opposed to their individual use to show a reduced inflammatory resonse [76].  

 

 

Figure 1.12 Biomaterials for scaffolding fabrications in tissue engineering [72]. 

Many of the synthetic polymers, including poly-l-lactic acid (PLLA), PCL, 

polyglycolic acid (PGA), polyethylene glycol (PEG), and poly-dl-lactic-co-glycolic acid 

(PLGA), are used due to their strong mechanical properties, controllable degradation 
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time, biocompatibility to support or repair damaged or diseased tissues. They show better 

mechanical properties than natural polymers. In addition, the mechanical properties of 

the polymer vary according to the molecular weight, their chain sequence and structure, 

degree of polymerization, and the proportions of the crystalline and amorphous regions 

[77]. Compared to natural polymers, they have more important advantages than ease of 

synthesis and use. However, cell adhesion rates are very low compared to natural 

polymers. For this reason, cell affinity is generally improved by mixing with natural 

polymers or by chemical modifications. 

1.4.1 Polycaprolactone 

Polycaprolactone (PCL) is a biocompatible, bioabsorbable, and non-toxic synthetic 

polymer approved by the U.S. Food and Drug Administration (FDA). It has been 

frequently preferred in tissue engineering and biomedical fields.  PCL is biodegradable 

polyester belonging to the member of aliphatic polyester. It is an aliphatic semi-

crystalline polymer with a glass transition temperature of -60°C and a melting 

temperature of 60°C. Its melting point provides easy-to-handle manufacturing, so it is 

used frequently with 3D printers [78]. Degradation occurs by hydrolysis of the aliphatic 

ester bond under physiological conditions, as explained in Figure 1.13. Degradation time 

is longer than other polyesters because it has repetitive –CH2 groups. It has been preferred 

in drug releases and implant applications due to its long biodegradation period (2-3 years). 

Scaffolds produced with PCL are resistant to erosion. Also, PCL can be easily blended 

with many polymers and bioactive particles. When used with a natural polymer, 

biodegradation times vary between 2-4 months.  

Thanks to its viscoelastic properties, it is easy to use with many tissue production 

techniques, and thus nano and micro-scale structures are produced. PCL is frequently 

preferred in a variety of medical application areas, including medical implants, polymeric 

membranes for tissue engineering applications such as skin tissue cartilage tissue, and 

cardiovascular tissue engineering, has a high effect on bone regeneration and neural 

generation, wound dressing, and surgical sutures [79-80]. In addition, it can be widely 

used in studies in which prolonging release is needed due to its high control, encouraging 

encapsulation, and high bioavailability. PCL, which has good mechanical properties, has 

been used in several tissue engineering applications or in a variety of studies blending 

with other polymers and bioactive particles [81]. Merceron et al. used a multi-head system 
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on a 3D printer to create supporting structures for cells using PCL and PU polymers. Cell 

viability and elasticity were examined by filling the bioink consisting of hyaluronic acid, 

gelatin, and fibrinogen into the created frame and it was stated that the results were in 

accordance with the natural muscle-tendon structures [82].  

 

Figure 1.13 Visual diagram of degradation of PCL by organisms or under 

physiological conditions [83]. 

Recently developed EBB has been used with PCL to fabricate scaffolds for many 

tissues engineering fields. Dalya et al. created a structure consisting of PCL and bioink 

using a 3D bioprinter to increase endochondral bone formation, and therefore scaffold’s 

stiffness was significantly increased with respect to without PCL [84]. Pati et al. 

synthesized PCL-PEG-PCL triple-block polymer to make a suitable hydrogel for 

bioprinting [85]. PCL was used to increase the crystallinity of the hydrogel as PEG 

showed poor mechanical properties. Shim et al. fabricated a construct for osteochondral 

tissue with alginate hydrogel and PCL, which was used as a framework to enhance 

mechanical behavior and increase strength [86]. Lee et al. printed hybrid scaffolds 
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consisting of cells (MC3T3-E1) for tissue regeneration. In their study, they used alginate 

for encapsulation of the cells and PCL to improve the elastic modulus of the structure 

[87]. Cantu et al. fabricated using GelMA and PCL to create scaffolds for nasal 

reconstructive surgeries. PCL formed a framework for chondrocyte-loaded GelMA 

hydrogel to provide better printing accuracy and provide structural support for the final 

structure. In addition, their study revealed that the Young's Modulus of the GelMA/PCL 

scaffold improved up to 37 times over GelMA [88], [89]. In another study, Koziol et al. 

used various polymers and bioactive particles for their layers to form osteochondral tissue 

with a heterogeneous multi-layered structure composed of both articular cartilage and 

subchondral bone. Previous studies generated PCL construct because it has osteogenic 

potential and load-bearing capabilities for subchondral bone [89]. Yu et al. developed a 

scaffold bipartite scaffold with PCL/Alginate for repairing osteochondral defects [90]. 

Park et al. formed artificial trachea with printed alginate hydrogels and PCL to generate 

elasticity and strength matchable native trachea. PCL was used to create an appropriate 

mechanical response during breathing to overcome variable pressure [10-91].  

1.5 Mechanical Properties of Tissues 

In tissue engineering, the mechanical properties of scaffolds play a crucial role in 

determining the success of tissue reconstruction. Different tissues in the human body have 

varying mechanical properties, such as stiffness, elasticity, and strength, which need to 

be considered when designing scaffolds. Stiffness is one of the most important properties 

of a material and is defined as the ratio of the applied load to the deformation that occurs 

in the material. The deformation rate that occurs when a structure is subjected to a load 

provides information about the rigidity of the structure.To fabricate scaffolds for tissue 

engineering applications, it is essential to have a complete understanding of the 

mechanical properties of living tissues. These properties can vary significantly among 

different tissue types, such as hard and soft tissues. Soft tissues, such as skin and cartilage, 

have lower stiffness and tensile strength than hard tissues like bone. Therefore, the load 

ratios to which soft and hard tissues are exposed differ significantly from each other [68].  

To evaluate the mechanical properties of scaffolds, tensile and compression tests 

are commonly performed. The outputs obtained from these tests can help define the 

mechanical properties required for tissue reconstruction, such as the tensile strength, 
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Young's modulus, and elongation at break values. These values can vary depending on 

the specific application area, and the scaffold's design should be made accordingly to 

match the elastic properties and strength of the tissue and ensure successful tissue 

interaction. For example, the tensile strength of the skin is in the range of 5.0-30.0 MPa, 

the Young's Modulus in the range of 4.6-20.0 MPa, and the elongation at break values 

approximately between 35.0-115.0% [10-92]. Understanding the mechanical properties 

of living tissues is essential for designing scaffolds for tissue engineering applications. 

By considering factors such as stiffness, elasticity, and strength, scaffolds can be 

fabricated to match the specific mechanical properties of the target tissue and ensure 

successful tissue reconstruction. Guimaraes et al. identified detailed result of tissue 

stiffness of various tissue types as shown in Figure 1.14 Elastic modulus of tissues and 

Table 1.1 

 

Figure 1.14 Elastic modulus of tissues [93].  

To improve mechanical properties, several approaches can be used. One approach 

is to crosslink natural polymers, which involves chemically bonding the polymer chains 
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to increase their strength and stability. Another approach is to add bioactive particles, 

such as ceramics or metallic nanoparticles, which can improve the mechanical properties 

of the scaffold and enhance its biological functionality. Additionally, synthetic polymers 

can be used to form scaffolds that have specific mechanical properties and can be tailored 

to meet the needs of different tissues [94]. From another aspect, the mechanical properties 

of scaffolds can be affected by various factors during the fabrication process, such as the 

type and concentration of the biomaterials used, the porosity and pore size of the scaffold, 

and the fabrication technique employed. For instance, achieving homogeneity in porosity 

is crucial for obtaining consistent mechanical properties and optimal tissue regeneration. 

Table 1.1 The elastic modulus of living tissues [93]. 

Tissue Elastic Modulus 

Nervous Tissue  

Brain (pig) 3.1 kPa (up to 6.5 kPa) 

Spinal cord (human) 1.23 MPa 

Sciatic nerve (mouse) 7 MPa 

Sciatic nerve (rat) 0.5–4.0 MPa 

Sciatic nerve (rabbit) 2 MPaa 

Ulnar nerve (human) 5 MPaa 

Connective Tissue   

Tibial trabecular bone 
(human) 

10.4 Gpa 

Tibial cortical bone (human) 18.6 Gpa 

Articular cartilage (cow) 1.06 MPa 

Articular cartilage (sheep) 5.0–12.9 MPa 

Adipose tissue (human) 1.6–2.9 kPa 

Plantaris tendon (mouse) 100–200 MPa 

Ligaments (human) 25–93 MPa 

Muscle   

Smooth muscle — blood 
vessels (human) 

30–100 kPa 

Smooth muscle — aortic 
rings (rat) 

10–23 kPa 

Cardiac muscle (rat, cow) 30–145 kPa 

Cardiac muscle (human) 5–50 kPa 

Cardiac muscle (pig) 110 kPa 

Skeletal muscle (rat) 20 kPa single fibres; 
200 kPa bundles 

Skeletal muscle (mouse) 15–150 kPa 

Skeletal muscle (pig) Up to 800 kPa 

Endothelial and epithelial tissues  

Skin (bat wing) 131 kPa 
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Skin dermis (pig) 50–150 kPa 

Intestine (rat) 350 kPa 

Small intestine (guinea pig) 430–441 kPa 

Intestine (pig) 300–700 kPa 

Viscera  

Bladder (pig) 200–320 kPa 

Eye  

Cornea (pig) 0.23–2.89 MPa 

Lens capsule (human) 2.3–3.3 MPa 

Iris dilator (cow) 27 kPa 

Iris (pig) 4–6 kPa 

aDerived from the curves (that is, values were not directly reported by the 
authors). 

1.5.1 Mechanical Properties Definition 

Tensile testing is a destructive sample testing technique that gives information 

about the tensile strength, yield strength, and ductility of materials against a force. It gives 

information about the force required for the materials to break or fail and the change in 

the material structure while applying this force. Also, the tensile test gives information 

about the elongation of the material under force. Therefore, the tensile test is one of the 

most basic tests to characterize the behavior of materials. While performing the tensile 

test, the sample is fixed from two ends to the area called "grips” on the device. In a 

uniaxial tensile test, the specimen is fixed at one end, and force is applied at the other end. 

The amount of force versus elongation is obtained as a graph. The length and cross-

sectional area of the placed sample are known, and other critical mechanical properties 

are calculated from the obtained data from the device [95]. Stress is defined as the force 

per unit area of the material required for elastic and permanent deformation of the 

externally applied force on the material. 

Stress is given by the following formula in equation 1.1: 

σ=FA (N/m2)                                                                (1.1) 

where σ is the stress applied, F is the force applied, and A is the area of the force 

application.  

Two different stresses can be applied to the material: tensile stress and compressive 

stress. The tensile stress gives the force per unit of the material when the material is 
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exposed to an external force in a specific direction. Compressive stress is the force that 

causes material deformation by compressing the material and reducing its volume.  

Strain gives information about the change in the dimensions of the material 

depending on the deformation in the direction of the applied force. It is also expressed as 

the initial length ratio of the change in length, as expressed in the equation 1.2 and 1.3.  

ε =ΔL/L0                                                                     (1.2) 

 

ΔL= L−L0                                                                                                      (1.3) 

ε is the strain due to the applied stress, ΔL is the difference value between the final 

length and the initial length which presented as L0. Strain is a unitless value.  

  

Figure 1.15 Stress-strain curve [96]. 

The strength of materials is defined as the ability to resist external forces applied to 

the materia without bending or breaking. Polymers, metals, and ceramics shown different 

strengths. Figure 1.15 shows the relationship between stress and strain. Important 
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parameters can be calculated for some materials using the curve obtained during uniaxial 

tensile test. The maximum stress that a materials can withstand under the force is defined 

as the ultimate tensile strength (UTS) (point C). The elastic region indicates that the 

material returns to its original shape without deformation when freed from the force 

effect. The plastic region, on the other hand, has undergone irreversible deterioration due 

to the force acting the materials. After the material exceeds the UTS, the neck begins to 

form in the materials. Young’s modulus is calculated by the stress and slope at the linear 

point of the stress (point A). It constitutes a very essential for tissue engineering 

applications. The elastic limit indicated the ability of the material to withstand loads 

without breaking down. As the force continues to be applied, the material exhibits rupture 

or fracture behavior as at the D point. 

1.5.2 Mechanical Properties of Semicrystalline Polymers 

Semi-crystalline polymers consist of both tightly packed crystalline regions and 

randomly aligned amorphous regions. The crystal regions are formed by regularly aligned 

molecules that fold into spherical lamellae called spherulites [97]. The density of these 

crystal regions determines the overall crystallinity of the polymer, which can range from 

10% to 80%. The amorphous regions of the polymer are structures that are randomly 

aligned between the crystal regions. These regions contain four different types of 

molecules: free-ended chains, loops, tie molecules (bridging), and floating molecules as 

presented in Figure 1.16 [98]. These complex structures are not fully understood, but 

ongoing studies have studied to shed more light on their distribution and how it affects 

the mechanical properties of the polymer. The mechanical properties of the polymer are 

influenced by a variety of factors, including the distribution of the crystal and amorphous 

regions, molecular weight, molecular orientations, molecular mass distribution, cross-

linking, and temperature. Additionally, the recrystallization of dissolved polymers with 

the help of a solvent is also related to the distribution of these regions as the solvent is 

removed. Overall, understanding the complex structure of semicrystalline polymers and 

how it affects their mechanical properties is important for various applications, such as in 

the development of advanced materials and medical devices. Although the literature has 

not been able to fully explain their complex structures, studies are continuing to shed light 

on this area [98]. The distribution of these structures changes the mechanical properties 

of the polymer. In addition, the recrystallization of the dissolved polymer with the help 

of a solvent is related to the distribution of these regions as the solvent is removed [99]. 
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At the same time, factors such as molecular weight, molecular orientations, molecular 

mass distribution, cross-linking, and temperature affect the mechanical properties of the 

polymer  [100]. 

 

Figure 1.16 Structure of semicrystalline polymers [101], [102]. 

In the tensile test, the molecules in the amorphous regions form cavities 

perpendicular to the force direction, and this point where these cavities begin to form 

gives the yield stress value as seen in Figure 1.17. As the force continues to be applied, 

the stress between the nanocavities increases and forms microcavities. Since the 

formation of cavitations takes place in amorphous regions,  it gives information about tie 

molecules and the distribution of molecules in other amorphous regions. The cavities 

coalesce, reducing the void volume and inactivating the tie molecules  [101-102]. 
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Figure 1.17 Deformation of semicrytalline polymers during uniaxixal tensile test 

[103]. 
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Chapter 2 

Materials And Methods 

 

2.1 Materials 

PCL (average Mn=80,000; CAS No. 24980-41-4), which is formed of 3 mm pellets, 

was purchased from Sigma–Aldrich (St. Louis, MO, USA) purchased from Sigma-

Aldrich (St. Louis, MO, USA). Chloroform (CF) (CAS No. 102445.2500) and acedic acid 

(AA) (CAS No. 200-580-7) were purchased from Merk and dichloromethane (DCM) 

(CAS No. 75-09-2) were purchased from Sigma–Aldrich. A cartridge syringe of 3 ml 

volume (CONS-C-001) and a nozzle diameter of 0.41 mm (CONS-CBT-22G) were 

purchased from Axolotl Biosystems (Istanbul, Turkey). 

2.2 Methods  

2.2.1 Fabrication of PCL Scaffolds  

In this study, to obtain homogeneous polymer solutions from PCL pellets were 

dissolved in CF, DCM and AA stirred at 50°C for 5 h, at 30°C for 5 h, at 60 °C for 6 h 

respectively (Figure 2.1). After the solutions were loaded into syringes, they were 

centrifuged at 2000 rpm for 2 minutes to eliminate air bubbles which are a limiting factor 

in the printing process. 
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Figure 2.1 Experimental processes. 

PCL scaffolds in a grid structure (height: 20 mm, length: 20 mm) were printed using 

an extrusion-based bioprinter (EBB) (Axolotl Biosystems, Istanbul, Turkey) as presented 

in Figure 2.2. The grid structure was designed with computer-aided design software 

(SOLIDWORKS, Waltham, MA, USA). The designed structure was converted into a “. 

stl” file using the Repetier Host program, which is provided by slicing 3D structures into 

2D layers [104].  

 

Figure 2.2 Representative image of a solution extrusion-based three-dimensional 

(3D) Bioprinter. 

Solutions were prepared at 10%, 25%, 50%, and 75% concentrations to investigate 

the effect of viscosity on printability and mechanical behavior. To determine the 

printability of the solutions prepared at 10%, 25%, 50% and 75% polymer concentrations, 

z-offset values, nozzle size, pressure, speed and fill rates were evaluated. As seen in 
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Figure 2.3, 18 Gauge (G), 20 G, 22 G and 25 G nozzles were used. Z offset values of 0.2, 

0.4, 0.6 and 0.8 mm were selected. All scaffolds are manufactured with 90° orientation.  

 

Figure 2.3 Investigation nozzles with different polymer concentration. (18G (green), 

20G (pink), 22G (blue) and 25G (red)). 

2.2.1.1 Evaluation of Solvent 

To investigate the effect of solvent, DCM, AA, and CF solvents were used in the 

procedure. Scaffolds printed in 10%, 25%, 50% and 75% concentration with PCL 

dissolved with AA, DCM and CF were named PCL_AA, PCL_DCM and PCL_CF 

respectively. The effect of the solvent on printed structure was evaluated with a variety 

of pressure, speed and infill density parameter given below data (Figure 2.4). 

2.2.1.2 Evaluation of Printing Speed 

In order to investigate the effect of printing pressure on printability and mechanical 

properties, solutions were pressed at different speeds. 10% and 25% polymer 

concentrations were increased by increasing the speed of 5 mm/s in the speed range of 1-

80 mm/s. 75% polymer concentration was printed by increasing the speed of 1 mm/s in 

the 1-10 mm/s speed range. 

5 mm/s, 10 mm/s and 15 mm/s values were selected to evaluate the mechanical 

properties of the scaffolds printed with 50% PCL_CF and 50% PCL_DCM solutions. 

Solutions printed keeping constant pressure (480 kPa), infill density (50%), nozzle type 

(22 G) and z-offset value (0.4 mm). 

2.2.1.3 Evaluation of Printing Pressure  

The printing pressure range of the our device is 1-480 kPa and scaffolds with 30 

kPa intervals were produced in this range for 10%, 25%, 50% and 75% polymer 

concentration keeping constant infill density(50%), nozzle size(22 G) and z-offset value 
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(0.4 mm). Solutions prepared with 75% polymer concentration were produced only with 

a pressure of 480 kPa.  

In order to perform mechanical analyses at 50% polymer concentration, 3 different 

pressure values were determined at 3 different writing speeds and for each speed value. 

These scaffolds were determined according to the minimum, medium and maximum 

printable pressure values.  172 kPa, 310 kPa and 480 kPa pressures were selected to 

examine the change of scaffolds produced at 5 mm/s speed with writing pressure. 206 

kPa, 345 kPa and 480 kPa pressure values were determined to examine the pressure 

effects of the scaffolds printed at 10 mm/s speed. 310 kPa, 396 kPa and 480 kPa pressures 

were used to examine the pressure effect on the scaffolds printed at 15 mm/s speed. 

2.2.1.4 Evaluation of Infill Density 

Scaffolds in 10% and 25% polymer concentration were printed in 10%, 25% and 

50% infill density.The scaffolds were produced by increasing the 50% and 75% polymer 

concentration by 10% and increasing the infill density from 20% to 100%.  

In order to examine the effect of infill density on mechanical behavior, structures 

with 50%, 70% and 90% infill density were produced. Solutions of polymers formed at 

50% and 75% concentrations were used. 310 kPa printing pressure and 5 mm/s printing 

speed were used at 50% concentration. In speed and pressure investigations, it was seen 

at 5mm/s this speed that, 310 kPa pressure can be utilized. To investigate the 75% 

concentration infill density effect, scaffolds were produced at printing pressure of 480 

kPa and speed of 5 mm/s. 
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Figure 2.4 Diagram of investigated parameters throughout the experimental sets. 

2.3. Morphological analysis 

In this study, all scaffold’s images were captured using a 20-megapixel camera 

positioned at a distance of approximately 20 centimeters from the subject which is proved 

to be a suitable distance for capturing images. Additionally, optical microscopy was 

employed to observe and analyze the morphology of printed samples in 25% 

concentration. A scanning electron microscope (SEM, ZEISS EVO LS10) was utilized 

for some scaffolds to evaluate their strut diameter, pore structures, microstructures, and 

detailed morphological analysis to identify effect of infill density and printing pressure. 

Before the SEM analysis, scaffolds were coated with a thin layer of gold (QUORUM, 

Q150R ES). The obtained SEM images were analyzed using ImageJ software.  

2.4. Chemical analysis 

A Fourier transform infrared spectroscopy (FT-IR) spectrum of the PCL scaffolds 

was assessed with a Nicolet 6700 spectrometer (Nicolet 6700, Thermo Scientific), 

wavelength 4000-400 cm-1. FT-IR analysis was used to determine the interactions of 

molecules and functional groups in printed structures. 

2.5. Mechanical testing 

Uniaxixal tensile tests were performed to evaluate the mechanical properties of 

scaffolds formed by various combinations of process and device parameters. For each of 

the parameters, two specimens were manufactured with the dimension of 

20mmx20mmx3mm. Each of the specimens were tested using a servo-hydraulic universal 

uniaxixal tensile testing machine Shimadzu AGS-X having a load capacity of 10 kN with 

a strain rate of 10-2 s-1 at room temperature.  

The parameters to be examined for the mechanical test are selected, and these 

parameters are indicated in Figure 2.5. After testing the parameters on a variety of 3D 

Bioprinters, mechanical testing of saccolds was performed. As seen in the Figure 2.6, the 

mechanical properties of the scaffolds produced using different process parameters were 
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evaluated by the uniaxixal tensile test. The results obtained were compared with each 

other, and the process parmeters’ effect on the structure was examined in detail. 

 

Figure 2.5 Diagram of investigated parameters throughout the experimental tensile 

test.  

 

Figure 2.6  Tensile test of selected samples; (a) placing the sample between the jaws, 

(b) applying force in the z-axis direction, (c) deformation of the sample with 

elongation, (d) fracture of the samples.  
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Chapter 3 

Results And Discussion 

3.1. Morphological Evaluation of PCL Scaffolds  

Solvents used in 3D bioprinting can have a direct impact on the morphological 

characteristics of printed structures, as observed through various imaging techniques such 

as optical microscopy, SEM, and camera imaging. Solvents can cause changes in the 

rheological properties of the bioink, leading to alterations in the shape, size, and surface 

features of the printed structures [105]. Therefore, it is important to carefully control the 

solvent composition and evaporation rate during bioprinting to ensure the desired 

morphological characteristics of the printed structures. During the printing process, the 

solvent will begin to evaporate from the bioink as it is deposited the layer. If the 

evaporation rate is too high, it can cause the bioink to dry out and become too viscous, 

making it difficult to print or resulting in poor print quality. On the other hand, if the 

evaporation rate is too low, the solvent may not evaporate quickly enough, leading to 

pooling or spreading of the bioink and distortion of the printed structure. Therefore, it is 

important to carefully control the rate of solvent evaporation during the bioprinting 

process to achieve the desired print quality and structure [106]. To ensure the mechanical 

stability and structural integrity of the printed scaffolds, the viscosity parameter was 

identified as the most crucial factor to consider prior to determining the process 

parameters. In the following sections, we will provide a detailed discussion of our 

findings and their implications for 3D bioprinting. 

3.1.1 10% Polymer Concentration  

High-resolution images were captured using a 20-megapixel camera in Figure 3.1. 

Analysis of the high-resolution images revealed that working with low concentrations of 

the bioink presented challenges in achieving the desired scaffold geometries. Despite 
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using high printing speeds, the fluidity of the bioink resulted in a lack of homogeneity in 

the printed structures, causing the struts to merge and disappear. As a result, the pore sizes 

were not clearly discernible, and the intended geometries could not be accurately 

reproduced. Therefore, this polymer concentration was not studied as it was not found 

suitable for the following parts of the study to characterize with the uniaxixal tensile test 

or SEM analysis. 

 

 

Figure 3.1 Scaffolds obtained from solutions prepared using AA, DCM, and CF 

using high printing speed (80 mm/s), respectively from a to c.  

3.1.2 25% Polymer Concentration  

Camera and optic microscope images were captured to describe the morphology of 

the scaffolds at 25% polymer concentration. According the images, 25% PCL solutions 

were found to be unsuitable for printability, even when high printing speeds were used, 

as evident from the results presented in Figure 3.2 and Figure 3.3. Among the scaffolds 

obtained across various experimental conditions, only a few exhibited open pore 

stuructures, as observed under an optical microscope in Figure 3.4. However, stabilizing 

the scaffold structure proved to be challenging, as the solvent evaporation time was 

excessively long [107]. As a result, this PCL concentration was deemed unsuitable for 

mechanical analysis based on the imaging results obtained.  
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Figure 3.2 Scaffolds obtained at 65 kPa (a), 100 kPa (b) and 135 kPa (c) using the 80 

mm/s printing speed of 25% PCL/DCM scaffolds. 

 

Figure 3.3 Scaffolds obtained at 65 kPa (a), 100 kPa (b) and 135 kPa (c) using the 80 

mm/s printing speed of 25% PCL/AA scaffolds. 

 

Figure 3.4 Optical microscope images of scaffolds printed at different speed with 65 

kPa. 

3.1.3 50% Polymer Concentration  

In order to evaluate the printability of scaffold samples at 50% polymer 

concentration, we conducted an analysis using camera, optic microscopy images and 

SEM techniques. We also investigated whether there were any changes in the 

morphological properties of the scaffolds when adjusting printing parameters such as 
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pressure, speed, and infill density ratio. In our experiments involving AA solvent, we 

were unable to achieve the desired grid structure as shown in Figure 3.5 and Figure 3.6.  

One of its notable properties is its high boiling point, which is attributed to its strong 

intermolecular hydrogen bonding. The boiling point of acetic acid is 118.1 °C at standard 

atmospheric pressure, which is considerably higher than other organic compounds of 

similar molecular weight [108]. Furthermore, acetic acid has been observed to exhibit low 

volatility, meaning that it has a tendency to resist evaporation at room temperature. This 

behavior is due to intermolecular hydrogen bonding, which creates strong cohesive forces 

between acetic acid molecules, making it difficult for them to escape into the gas phase 

[109]. This caused a loss of structural integrity, leading to the merging of pores, as 

observed in Figure 3.6. The molecular structure and bonding of PCL material are 

influenced by the type of solvent used [110]. A detailed investigation of the effects of 

solvents on printed structures is presented in the Section 3.3.5. 

PCL_CF and PCL_DCM scaffolds, as illustrated in Figures 3.8 and 3.10, scaffolds 

printed at a speed of 5 mm/s within the range of 172-480 kPa exhibited favorable 

morphological structure without any rupture. However, the images presented in Figure 

3.9 demonstrated that PCL_DCM and PCL_CF scaffolds exhibited poor printability at a 

speed of 20 mm/s and required pressures above 172 kPa when printed at lower speeds. 

PCL_CF and PCL_DCM scaffolds exhibited high printability and structural stability 

when printed with desired geometries, whereas PCL_AA scaffolds demonstrated poor 

printability and stability. Therefore, we only conducted mechanical testing on PCL_DCM 

and PCL_CF scaffolds.  After conducting experiments with various values as shown in 

Figure 2.4, we identified with respect to analysis of morphological data a range of optimal 

printability for scaffolds with 50% PCL polymer concentration presented in Figure 3.7. 

Through the use of optical and camera imaging, we were able to collect data on the open-

pore process parameters without encountering issues such as rupturing or excessive 



 

39 

 

agglomeration. Uniaxial tensile testing was employed to evaluate the mechanical 

properties of the selected scaffolds. 

 

Figure 3.5 Images of PCL_AA scaffolds printed at 5 mm/s with different printing 

pressure. 

 

Figure 3. 6 Microscope images of PCL_AA scaffolds printed in 15 mm/s. 

Following our morphological analysis of the printed scaffolds, a subset of the 

samples were chosen for further evaluation of their mechanical properties, as depicted in 

Figure 3.7. In Section 3.5, we conducted a comprehensive assessment of the mechanical 

properties of these selected scaffolds, with a focus on the specific details of their behavior 

under various mechanical tests. Our evaluation was conducted in accordance with 
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established scientific protocols and methodologies, ensuring the accuracy and reliability 

of our findings. 

 

 

Figure 3. 7 Graph representing the structural integrity of the structures printed with 

50% PCL/DCM and 50% PCL/CF scaffolds according to the speed and pressure 

variable, respectively (Low printability and high in red and light green, respectively, 

and scaffolds tested are represented by dark green; (a) PCL_DCM and (b) PCL_CF. 

 

Figure 3.8 Scaffolds of PCL_DCM printed between 172-480 kPa at 5 mm/s printing 

speed. 

 

 

 

a) b) 
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Figure 3.9 Printability of PCL_DCM scaffolds that are tested to be printed at 

pressures lower than 172 kPa and using printing speed more than 15 mm/s. 

 

Figure 3.10 Scaffolds of PCL_CF printed between 172-428 kPa at 5 mm/s printing 

speed.  

 

Figure 3.11 Printability of PCL_CF scaffolds that are tested to be written at 

pressures lower than 172 kPa and using printing speed more than 20 mm/s. 

3.1.4 75% Polymer Concentration  

A 20-megapixel camera of high resolution was utilized to capture the images. 

According the images and observations findings suggest to fabricate scaffolds with 

increasing concentrations at 75% concentration, it is necessary to employ low printing 

speed and high pressure. In Figure 3.12, scaffolds were fabricated at maximum printing 

pressure in our device (480 kPa) from 1 to 5 mm/s printing speed. There are 

agglomerations in scaffold with AA solvent, and pores disappear by closing completely 
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in the pores for printed scaffolds with a speed of 1 mm/s. It can be seen in Figure 3.12 

,increasing printing speed can lead to a decrease in the structural integrity of the printed 

scaffolds, which could result in the formation of ruptured structures. However, in 

scaffolds after 5 mm/s breaks started as seen in Figure 3.13, and also printability 

decreased. PCL_DCM and PCL_CF scaffolds produced at 5 mm/s were used to compare 

the mechanical responses of the scaffolds prepared with 50% concentration. In summary, 

high concentrations need to be printed at low printing speed with high pressure or using 

large diameter nozzles/needles. 

 

 

Figure 3.12 Scaffolds prepared at 75% polymer concentration. 

 

Figure 3.13 Printability of PCL_DCM and PCL_CF scaffolds at speeds above 5 

mm/s with 480 kPa. 
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3.2 Infill Density  

Images were captured using a 20 megapixel camera with high resolution (Figure 

3.14). SEM was utilized to analyze the morphology of at 50%, 70% and  90% infill 

densities as shown in Figure 3.15. The surface-to-volume ratio and pore characteristics 

were found to be noticeably impacted by changes in the process parameters, based on the 

SEM images results presented Figure 3.15. Essentially, modifications made to the process 

parameters had a significant influence on how pores were formed and distributed within 

the material, as well as the ratio of its surface area to its volume. The SEM analysis in 

Table 3.1 showed that increasing the infill density ratio led to a reduction in pore size, 

which is clearly observable in the morphology of the sample images. These findings 

suggest that the infill density ratio has a significant impact on the morphology of printed 

scaffolds and also may be a critical factor in determining its strength and performance. In 

the following sections (section 3.3.3), we will discuss infill density effect on mechanical 

properties. 

Table 3.1 Strut diameters and pore sizes at different infill density ratios. 

Infill Density 50% 70% 90% 

Strut Diameter (µm) 380 390 350 

Pore Size (µm) 1230 850 600 
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Figure 3.14 Images shown PCL_ DCM and PCL CF scaffolds with different infill 

density rates from 50% to 90% infill density respectively. 

 

Figure 3.15 Evaluation of 50 PCL_CF scaffolds in SEM; a) printed with 60% infill 

density, b) 80% infill density and c) 99% infill density. All scaffolds were printed in 

5 mm/s and 206 kPa. 

3.3. FTIR Analysis 

Fourier transform infrared spectroscopy (FTIR) analysis determines the interactions 

of molecules and functional groups in printed structures and evaluates the chemical 

structure of PCL scaffolds.  The PCL scaffolds' FTIR spectrum was assessed with a 

Nicolet 6700 spectrometer (Nicolet 6700, Thermo Scientific). During the analysis, the 

wavelength was 4000-400 cm-1. FTIR analysis result is presented in. The peak of the 

hydrogen-bonded hydroxyl group is around 3500 cm-1, symmetric and asymmetric CH2 

stretching mode around 2943 and 2864 cm−1[111] The absorption peak at 1720 cm-1 and 
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1470 cm-1 in the spectrum is C=O group, -CH2 bending vibrations respectively, C-O and 

C-C stretching in the crystalline phase around 1293 cm-1, 1240 cm-1 correspond to C–C 

stretching vibrations (Figure 3.16) [112-113]. 

 

 

Figure 3. 16 FT-IR spectra of PCL scaffold with DCM and CF solvent. 

3.5. Effect of 3D Printing Parameters on Mechanical 

Character of Scaffolds 

3.5.1. Speed Effect 

The effect of printing speed on the printing of PCL_DCM and PCL_CF structures 

was investigated. Specifically, the ex periment involved using three different printing 

speeds (5 mm/s, 10 mm/s and 15 mm/s) to examine the influence of speed on the quality 

and mechanical properties of the printed PCL structures. According to results presented 

in Figure 3.17 and Figure 3.18, it can be concluded that printing speed has a significant 

effect on the mechanical properties of PCL structures. PCL_DCM scaffolds printed at 5 

mm/s had the highest Young's modulus value of 39.0 MPa, while PCL_DCM scaffolds 

printed at 10 mm/s and 15 mm/s showed their strength values with a decrease of 

approximately 60% (16.15 MPa) and 65% (13.83 MPa), respectively. It shows that 

scaffolds printed at 5mm/s were stiffer and more resistant to deformation than scaffolds 

printed at higher speeds of 10mm/s and 15mm/s. At 5 mm/s printing speed for PCL_DCM 

scaffolds may have led to a more densely packed and organized structure, resulting in 
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increased stiffness. PCL_CF scaffolds printed at speed of 5 mm/s showed a lower Young's 

modulus than PCL_DCM scaffolds (26.8 MPa). However, it showed elongation  value of 

1152% with an increase of approximately 25%. In addition, PCL_DCM and PCL_CF 

scaffolds have a UTS value of 6.4 MPa and 6.3 MPa and yield strength of 1.9 MPa and 

1.7 MPa for printed at 5 mm/s, respectively. PCL_DCM scaffolds printed at 5 mm/s have 

a slightly higher UTS value and yield strength value compared to the PCL_CF scaffolds 

printed at the same speed.  

For PCL_DCM scaffolds, increasing the printing speed from 5 mm/s to 15 mm/s 

significantly decreased Young's modulus. PCL_DCM and PCL_CF scaffolds printed 

with 15 mm/s exhibit the lowest Young’s modulus. Results showed that higher printing 

speeds might result in a less rigid final product and more deformable. According the 

literature, increased printing speed causes a slight decrease of the polymer amount 

deposited on the surface per unit area, which can result in weak or ruptured structures 

[114]. On the other hand, for PCL_CF scaffolds, the highest Young's modulus (32.0 MPa) 

values were obtained for scaffold printed at 10 mm/s. It concluded that a moderate 

printing speed for PCL_CF scaffolds were more rigid and less deformable printed 

scaffolds at 5 mm/s (26.88 MPa) and 15 mm/s (18.0 MPa). In addition, it is clearly 

demonstrated in Figure 3.18 (b) that UTS and yield strength decreased significantly with 

increasing printing speeds. The results obtained show that it significantly changes the 

mechanical properties of the scaffolds printed with the solution formed with different 

solvents. Different solvents may have different abilities to dissolve the PCL material, 

which can affect the viscosity and rheological properties of the printing solution. Because 

solvents affect the molecular structure and bonding of the PCL material [110].  

Fakhruddin et al. highlight the importance of optimizing extrusion pressure and 

printing speed parameters to achieve high-quality and precise 3D-printed structures. Their 

results showed that increasing the printing speed required a corresponding increase in 

extrusion pressure to prevent the formation of beading or other defects in the printed 

structure. Moreover, they found that printing at high pressure and low speed could lead 

to excessive material outflow and a loss of structural integrity [115]. As shown in this 

study, the polymer's appropriate printing pressure and printing speed values should be 

determined at the most optimum values for reasonable mechanical properties and 

printability. 
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Gentile et al. reported pure PCL membranes with electrospinning values of Young 

Modulus at 27.2 ± 4.4 MPa for tissue engineering applications [116]. In this study, it has 

been shown that more controlled, porous, and homogeneous structures can be obtained 

by using the 3D Bioprinting technique. In another study, Vurat et al investigated effect of 

molecular weight and printing speed on mechanical properties in PCL scaffolds. They 

showed that increasing the molecular weight of the polymer increased the mechanical 

strength conversely, but there was no significant difference in ductility. Additionally, it 

showed that the printing speed decreased the mechanical strength when the scaffolds with 

the same molecular weight were printed at different printing speeds [117]. Similarly, our 

experiment results presented that scaffolds obtained in slow printing speed (5 mm/s) were 

found to have higher mechanical strength than scaffolds obtained at fast printing speed 

conditions (10 mm/s and 15 mm/s) in PCL_DCM and PCL_CF scaffolds. On the other 

side, ductility changed in each different scaffold, but no direct positive or negative 

correlation was found between ductility and scaffolds produced with varying printing 

speeds. 
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Figure 3.17 The engineering tensile stress-strain curves of printed PCL_DCM and 

PCL_CF at printing speeds of 5 mm/s, 10 mm/s and 15 mm/s. 

 

Figure 3.18 The effect of printing speed on PCL structures (a) Young's Modulus, (b) 

Elongation rate of scaffolds until failure of printed PCL_DCM and PCL_CF (c) 

Yield strength, and (d) UTS values of tested scaffolds (Blue column and red column 

are representative PCL_DCM and PCL_CF scaffolds, respectively). 
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Table 3.2 Process parameters and mechanical test results used to investigate the 

printing speed effect. 

Concetration of 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

50% PCL/DCM 

V=5 mm/s 

P=480 kPa 

39.00 1.9 6.4 919 

V=10 mm/s 

P=480 kPa 

16.15 0.91 2.14 792 

V=15 mm/s 

P=480 kPa 

13.85 0.93 3.14 950 

 

 

 

 

 

50% PCL/CF 

V=5 mm/s 

P=480 kPa 

26.88 1.7 6.3 1152 

V=10 mm/s 

P=480 kPa 

32.00 1.6 5.80 814 

V=15 mm/s 

P=480 kPa 

18.00 0.8 3.41 950 

 

3.5.2 Pressure Effect  

Pressure is another significant process parameter that impacts the structure's 

printability, structural integrity, and mechanical properties. Firstly, the mechanical 

properties of the scaffolds produced at different speeds were investigated. Then, 

mechanical tests of the structure built to varying pressures at the same speeds were 

performed. Three different pressure values were selected for each printing speed (5 mm/s, 

10 mm/s, and 15 mm/s). For each scaffolds, concentration and infill density were constant 

at %50. After that, the effect of the pressure was evaluated for PCL_DCM and PCL_CF 

scaffolds, as presented in Figure 3.19 and Figure 3.25 and their 3D surface response graph 

drawn in Figure 3.26 and Figure 3.29.  

Based on the results demonstrated in Figure 3.19 and Figure 3.20, printed scaffold 

at 5 mm/s and 480 kPa printing pressure had the highest Young’s modulus value of 39.00 

for PCL_DCM and 26.88 MPa for PCL_CF . 310 kPa printing pressure shows that the 

lowest Young’ modulus (13.0 MPa), yield strength (0.58 MPa), and UTS (3.1 MPa) in 

PCL_CF scaffolds compared to other scaffolds printed at 480 kPa and 172 kPa printing 
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pressure but they showed similar elongation (1152%) with 480 kPa printed scaffolds 

(1161% ). For PCL_DCM scaffolds, 172 kPa printing pressure demonstrated the lowest 

Young’ modulus (22.27 MPa), but it showed the highest elongation (1205%) over other 

scaffold printed at 480 kPa and 310 kPa printing pressure.  

Table 3.3 Process parameters and mechanical test results used to investigate the 

printing pressure effect in printing speed of 5 mm/s. 

Concetration of 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

50% PCL/DCM 

V=5 mm/s 

P=172 kPa 

22.27 2.02 6.41 1205 

V=5 mm/s 

P=310 kPa 

35.00 2.3 4.6 902 

V=5mm/s 

P=480 kPa 

39.69 1.9 6.4 919 

 

 

 

50% PCL/CF 

V=5 mm/s 

P=172 kPa 

24.48 1.05 4.65 640 

V=5 mm/s 

P=310 kPa 

13.00 0.58 3.1 1161 

V=5 mm/s 

P=480 kPa 

26.80 1.7 6.3 1152 
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Figure 3.19 The engineering tensile stress-strain curves of printed PCL_DCM and 

PCL_CF at printing speeds of 5 mm/s. 

 

Figure 3.20 The effect of printing pressure on PCL scaffolds (a) Young's Modulus, 

(b) Elongation rate of scaffolds until failure of printed PCL_DCM and PCL_ CF (c) 

Yield strength, an, (d)UTS values of tested scaffold (Blue column and red column 

are representative PCL_DCM and PCL_CF scaffolds, respectively). 
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Printed scaffolds at 10 mm/s with 206 kPa, 345 kPa, and 480 kPa printing pressure 

were revealed in Figure 3.21 and Figure 3.22. Both PCL_DCM and PCL_CF printed at 

345 kPa printing pressure indicated the highest Young’s modulus, yield strength, and 

UTS and elongation. PCL_DCM scaffolds at printed 345 kPa printing pressure had 

incredibility values with increased of approximately 97% (22.42 MPa) for 206 kPa 

printing pressure and 167% (16.15 MPa) for 480 kPa printing pressure. On the other hand, 

PCL_CF scaffolds at 206 kPa, 345 kPa, and 480 kPa showed Young’s modulus value of 

21.44 MPa, 36.44 MPa, and 32.1 MPa, respectively. Additionally, PCL_CF exhibited the 

highest elongation with 1263% than scaffolds printed at 206 kPa (840% elongation) and 

480 kPa (814% elongation). Similiarly, PCL_DCM scaffolds indicated the highest 

elongation with 1512% compared to printed at 206 kPa (1008%) and 480 kPa (792%). 

Table 3.4 Process parameters and mechanical test results used to investigate the 

printing pressure effect in printing speed of 10 mm/s. 

Concetration of 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

50% PCL/DCM 

V=10 mm/s 

P=206 kPa 

22.44 1.65 5.59 1008 

V=10 mm/s 

P=345 kPa 

43.20 2.6 7.65 1512 

V=10 mm/s 

P=480 kPa 

16.15 0.93 2.14 792 

 

 

 

50% PCL/CF 

V=10 mm/s 

P=206 kPa 

21.44 1.12 3.58 840 

V=10 mm/s 

P=345 kPa 

36.44 1.45 6.67 1263 

V=10 mm/s 

P=480 kPa 

32.10 0.9 5.80 814 
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Figure 3.21 The engineering tensile stress-strain curves of printed PCL_DCM and 

PCL_CF scaffolds at printing speeds of 10 mm/s. 
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Figure 3.22 The effect of printing pressure on PCL scaffolds (a) Young's Modulus, 

(b) Elongation rate of scaffolds until failure of printed PCL_DCM and PCL_CF (c) 

Yield strength, and (d)UTS values of tested scaffolds (Blue column and red column 

are presentative PCL_DCM and PCL_CF scaffolds, respectively).  

As stated in Figure 3.23 and Figure 3.24, printed scaffolds at 15 mm/s with 

moderate printing pressure (396 kPa) showed the highest Young’s modulus and 

elongation which was 24.9 MPa and 1280% for PCL_DCM and 19.56 MPa and 1535%  

for PCL_CF scaffolds, repectively. At printed 310 kPa and 480 kPa printing pressure for 

PCL_DCM have Young modulus at 21.3 MPa and 13.85 MPa by decreasing about 14% 

and 45%, respectively. Moreover, PCL_DCM and PCL_CF scaffolds exhibited the 

highest strength values 6,28 MPa and 4.58 MPa at this printing pressure. Both PCL_DCM 

and PCL_CF scaffolds printed at 480 kPa printing pressure showed the lowest  ductility 

values but they had similar results with 950% elongation and 973% elongation. 

Consequently, all results at printed 480 kPa demonstrated that lower printing speeds 

exhibited generally  the highest Young’s modulus and lowest elongation.  At the same 

printing speed with different pressure values showed highest Young’s modulus, 

elongation, and UTS except for scaffolds with printed 5 mm/s printing speed.  
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Table 3.5 Process parameters and mechanical test results used to investigate the 

printing pressure effect in printing speed of 15 mm/s. 

Concetration 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

50% PCL/DCM 

V=15 mm/s 

P=310 kPa 

21.3 1.12 4.84 953 

V=15 mm/s 

P=396 kPa 

24.9 1.21 6.28 1280 

V=15 mm/s 

P=480 kPa 

13.85 0.93 3.95 950 

 

 

 

50% PCL/CF 

V=15 mm/s 

P=310 kPa 

16.95 0.81 3.11 1298 

V=15 mm/s 

P=396 kPa 

19.56 1.31 4.58 1535 

V=15 mm/s 

P=480 kPa 

18.0 0.83 3.41 973 
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Figure 3.23 The engineering tensile stress-strain curves of printed PCL_DCM and 

PCL_CF scaffolds at printing speeds of 15 mm/s. 

 

 

Figure 3.24 The effect of printing pressure on PCL scaffolds (a) Young's Modulus, 

(b) Elongation rate of scaffolds until failure of printed PCL_DCM and PCL_CF (c) 

Yield strength, and (d) UTS values of tested scaffolds (Blue column and red column 

are representative PCL_DCM and PCL_CF scaffolds, respectively). 
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According to the engineering stress-strain data for 10 mm/s and 15 mm/s printing 

speeds, moderate printing pressures show higher ultimate tensile strength (UTS) and 

ductility values. As pressure is decreased, UTS and ductility decrease. The reason is that 

the amount of material per unit printing area decreases below an optimum pressure value. 

UTS and ductility tend to decrease at more significant pressures compared to moderate 

printing pressures. Still, the change is more dramatic between medium and low printing 

pressures. It can be concluded that the pressure needs to be modified according to 

changing printing velocities which vary the amount of material per printing area, the 

concentration, which affects the viscosity, and solvent. The pressure needs to be increased 

for optimum mechanical properties for higher printing speeds. These comments can be 

strengthened using SEM images presented in Figure 3.25. The belongs to 396 kPa 

printing pressure, and it is moderate pressure in our study. As the pressure is decreased 

from 396 kPa to 310 kPa, the structure’s thickness is decreasing, which can be concluded 

from the cone-like structure of moderate printing pressure and the flat structure of the 

low-pressure structure. This results in decrease in strength and ductility values, as 

discussed before. At higher pressures, the smoothness of the surface is changed. Also, in 

Figure 3.25 the printing quality is lower than that of moderate printing pressure. So, at 

higher and lower magnification images, both high pressure and low pressure make the 

structure far from the optimum. Lower pressure decreases the amount of material, and 

higher pressure makes the structure quality low [118]. 

Our study highlights the importance of balancing pressure and speed to achieve 

continuous, uniform filaments with minimal defects. Printing at very low pressures (172 

Kpa, 206 Kpa and 310 kPa) can resulted in a significant reduction in deposition  and the 

formation, while printing at very high pressures (480 kPa) can led to cause nonlinear 

responses. Increasing printing pressure can lead to a denser and stronger printed structure, 

while reducing pressure can result in a more porous structure with lower mechanical 

strength. This is because higher pressure can help in pushing the material more tightly 

together, reducing the amount of voids, and enhancing the bonding between them.  

However, the optimal printing pressure should be determined based on the specific 

printing material and printing process parameters to achieve the desired mechanical 

properties while avoiding any negative impacts on the printing process [119]. Therefore, 

it is essential to carefully optimize printing conditions to ensure successful 3D bioprinting 

outcomes [120]. 
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Figure 3.25 SEM images of 15 mm/s printing pressure PCL_CF and the printing 

pressures are 310, 396 and 480 kPa, respectively from a to c. The bottom images 

belong to the higher magnification of the top images. 

 

Figure 3.26 Response surface plots (3D) for PCL_DCM scaffolds showing the effects 

of different printing pressure and printing speed on Young’s Modulus. 
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Figure 3.27 Response surface plots (3D) for PCL_CF scaffolds showing the effects 

of different printing pressure and printing speed on Young’s Modulus. 

 

 

Figure 3.28 Response surface plots (3D) for PCL_DCM scaffolds showing the effects 

of different printing pressure and printing speed on UTS. 
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Figure 3.29 Response surface plots (3D) for PCL_CF scaffolds showing the effects 

of different printing pressure and printing speed on UTS. 

3.3.3. Infill Density Effect  

The infill density rate is another important parameter in 3D bioprinting that can 

affect the mechanical properties of the scaffold. Infill density alter porosity and number 

of struts in printed structure. As the infill density rate increases, more PCL solution is 

deposited on the surface. Therefore, it can lead to a decrease in porosity and an increase 

in the number of struts which can lead to an increase in mechanical strength [121-122]. 

Moreover, infill density changes a percentage of the total scaffold volume [123]. They 

show higher mechanical strength as the stress distribution can be spread across more struts 

as increase infill density.  

In this study, the mechanical properties of the scaffolds created with three different 

infill density; 50%, 70% and 90% at both 50% and 75% concentration were evaluated. 

Increased levels of infill density in both concentration groups indicated that the ductility 

and strength values increased as describe in Figure 3.26 and Figure 3.27. Investigation at 

50% PCL concentration, the printed scaffolds at 90% infill density showed the highest 

Young's modulus, which was 44.8 MPa for PCL_CF and 50.06 MPa for PCL_DCM 

scaffolds. Printed scaffolds with a 50% infill density indicate that PCL_DCM and 

PCL_CF scaffolds have the lowest Young's modulus at 35.0 MPa and 22.42 MPa with a 

decrease of approximately 31% and 50%, respectively. Considering the 70% infill 
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density, Young’s modulus with values of 41.1 MPa and 37.55 MPa for PCL_DCM and 

PCL_CF increased compared to 50% infill density, but it has lower value than scaffolds 

printed with 90% infill density. In addition, increasing infill density ratios from 50% to 

90% remarkably increased UTS values by approximately 89% and 52% for PCL_DCM 

and PCL_CF scaffolds, respectively. In contrast, there is no direct relation between 

elongation and infill density at concentration of 50 %. 

On the other hand, when scaffolds were tested at 75% PCL concentration, Young's 

modulus value and UTS increased as the infill density value increased. These results 

indicate that higher infill density leads to higher values of Young's modulus and UTS for 

both concentration groups. Although increasing the value of infill density improves 

strength in the scaffolds, but it reduces their ductility values. The fracture strain of 

PCL_DCM scaffolds reduced slightly by around 17% from 891% to 758%. On the other 

hand, for the PCL_CF scaffolds, the fracture strain decreased gradually by approximately 

47% from 663% to 433% as the infill density increased. 

Chou et al. analyzed that increasing infill density (65% and 80%) increases strength 

and ductility [106]. In another study, Tanveer et al. investigated the effect of infill density 

(25%, 50%, 75%, and 100%) on the mechanical properties of 3D printed ABS parts. They 

found that increasing infill density led to higher tensile strength, but also increased the 

stiffness and reduced the ductility on printed structure [124]. While decreasing infill 

density increases the pore diameters, and so increased porosity causes stress concentration 

during the uniaxixal tensile test and therefore shows lower mechanical properties [106- 

107]. In other words, when scaffolds begin to deform during the uniaxixal tensile test, the 

struts cannot carry loads evenly. As the deformation progresses, it reduces the number of 

stretched struts that are subjected to stress due to the struts of scaffolds ruptured. 

However, with increasing infill density ratios, they are dispersed between the neighboring 

strip chains after the ruptured struts [125]. Overall, our results show that printed scaffolds 

with high infill density ratios showed higher strength than printed scaffolds with low infill 

density ratios [126]. 
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Table 3.6 Process parameters and mechanical test results used to investigate the 

infill density effect in polymer concentration of 75%. 

Concetration 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

75% PCL/DCM 

I.D= 50% 

V=5 mm/s 

P=480 kPa 

 

35.00 

 

2.3 

 

4.6 

 

902 

I.D= 70% 

V=5 mm/s 

P=480 kPa 

 

41.1 

 

1.8 

 

6.43 

 

703 

I.D= 90% 

V=5 mm/s 

P=480 kPa 

 

50.06 

 

2.3 

 

8.7 

 

887 

 

 

 

75% PCL/CF 

I.D= 50% 

V=5 mm/s 

P=480 kPa 

 

22.42 

 

1.8 

 

6.87 

 

1126 

I.D= 70% 

V=5 mm/s 

P=480 kPa 

 

37.55 

 

1.3 

 

8.18 

 

1161 

I.D= 90% 

V=5 mm/s 

P=480 kPa 

 

44.8 

 

3.6 

 

10.48 

 

884 
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Figure 3.30 The engineering tensile stress-strain curves of printed 75% PCL_DCM 

and PCL_CF at infill densities of 50%, 70%, and 90%, respectively. 

 

 

Figure 3.31 The effect of infill densities on the mechanical behavior of 75% 

PCL/DCM and 75% PCL/CF; (a) Young's Modulus, (b) Elongation rate of scaffolds 

until failure of printed PCL_DCM and PCL_CF, (c) Yield strength, and (d) UTS 
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values of tested scaffolds (Blue column and red column representative PCL_DCM 

and PCL_CF scaffolds, respectively). 

Table 3.7 Process parameters and mechanical test results used to investigate the 

infill density effect in polymer concentration of 50%. 

Concetration 

Polymers 

Process 

Parameters in 

3D Bioprinting 

Young’s 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength(MPa) 

Elongation at 

Break(%) 

 

 

 

50% PCL/DCM 

I.D= 50% 

V=5 mm/s 

 P=310 kPa 

 

19.7 

 

1.2 

 

4.89 

 

891 

I.D= 70% 

V=5 mm/s 

 P=310 kPa 

 

23.38 

 

1.4 

 

6.0 

 

706 

I.D= 90% 

V=5 mm/s 

 P=310 kPa 

 

40.13 

 

2.0 

 

8.11 

 

758 

 

 

 

50% PCL/CF 

I.D= 50% 

V=5 mm/s 

 P=310 kPa 

 

13.14 

 

0.5 

 

2.81 

 

663 

I.D= 70% 

V=5 mm/s 

 P=310 kPa 

 

13.93 

 

1.3 

 

3.12 

 

595 

I.D= 90% 

V=5 mm/s 

P=310 kPa 

 

23.75 

 

2.2 

 

4.10 

 

433 
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Figure 3.32 The engineering tensile stress-strain curves of printed 50 % PCL 

scaffolds with PCL_DCM and PCL_CF at infill densities of 50%, 70%, and 90%, 

respectively.  

   

Figure 3.33 The effect of infill densities on the mechanical behavior of 50 % 

PCL/DCM and 50% PCL/CF. (a) Young's Modulus, (b) Elongation rate of scaffolds 
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until failure of printed PCL_DCM and PCL_CF, (c) Yield strength, and (d) UTS 

values of tested (Blue column and red column representative PCL_DCM and 

PCL_CF scaffolds, respectively). 

3.3.4. Concentration Effect  

To ensure the structural integrity of the printed structure, there are several important 

factors to consider when using polymers for 3D bioprinting. First, the polymer 

concentration should be optimized to achieve the desired viscosity and mechanical 

properties. Viscosity directly affects the flow of the material through the printing nozzle 

and the ability of the printed material to maintain its shape during and after printing [59].  

The scaffolds prepared with four different concentrations (10% , 25%, 50% and 

75%) were examined in this study. The structures of the scaffolds at concentration of 10% 

and 25%. PCL could not form a solid structure due to their longer evaporation time. In 

this respect, the choice of solvents with appropriate volatility is crucial to maintain the 

structural integrity of the printed scaffold in our study. Rapid evaporation of the solvent 

leads to quick solidification of the structure which makes it easier to print. Moreover, 

rapid evaporation enhances printability and ensures printing across a wider range of 

parameters [107]. The scaffolds prepared with 50% and 75% polymer concentrations 

demonstrated a considerable enhancement in printability and mechanical characteristics 

of the structure. 50% concentration provides a broad range of possibilities for printing 

speed and pressure. On the other hand, the scaffolds made with 75%  polymer 

concentration exhibited structural integrity when printed at speeds ranging from 1 mm/s 

to 5 mm/s with high printing pressure (480 kPa). In summary, higher concentrations of 

polymer require more pressure and lower printing speeds to maintain their structural 

integrity during printing [107]. In Figure 3.31, it can be observed that the mechanical 

properties of the scaffolds produced at a printing speed of 5 mm/s and different 

concentrations show a decrease in Young's modulus as the concentration ratio increases. 

In Figure 3.30, Young's modulus decreases from 26.88 MPa to 13.14 MPa for PCL_CF 

scaffolds decreasing by approximately 51% and from 39.0 MPa to 19.7 MPa for 

PCL_DCM scaffolds reducing by about %49 at 75% concentration. Especially for 

PCL_CF scaffolds, their ductility changed significantly from 1152% fracture strain 

reducing to 663% reducing by approximately 43%, as increased concentration from 50% 
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to 75%. Additionally, scaffolds with a 75% polymer concentration exhibited lower tensile 

strength and UTS compared to the 50% polymer concentration in both solvents. 

Considering the ease of adjusting process parameters and the mechanical analysis 

results, a polymer concentration of 50% has the potential to be more widely applicable in 

many studies. Therefore, we conducted our analyses on scaffolds prepared with 50% 

polymer concentration when evaluating most process parameters such as printing speed 

and printing pressure. Chen et al. also used DCM solvent to prepare PCL at different 

concentration ratios and found that increasing concentration ratios did not lead to 

molecular realignment due to the rapid volatility [127].  

 

Figure 3.26 The engineering tensile stress-strain curves of printed 50 % PCL_DCM 

and 50% PCL_CF, and 75% PCL_DCM and 50% PCL_CF. 
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Figure 3.34 50% and 75% concentration PCL scaffolds printed at 50% infill density, 

5 mm/s and 480 kPa. (a) Young's modulus, (b) fracture strain of scaffolds until 

failure of printed PCL_DCM and PCL_CF, (c) Yield strength, and (d)UTS values 

of tested scaffolds. 

3.3.5. Solvent Effect  

PCL is soluble in many solvents such as dimethylformamide (DMF), 1-methyl-2-

pyrrolidone (NMP), tetrahydrofuran (THF), dichloromethane (DCM), acetic acid (AA), 

acetone (AC), chloroform (CF), and dimethyl sulfoxide (DMSO) [110]. In this study, in 

the beginning, three different solvents were used to evaluate the effects of the solvent on 

the printability and to investigate the effect on the mechanical behavior of the produced 

structures. In this study, DCM, AA, and CF solvents were used to dissolve PCL. To 

investigate the solvent effect, the printed structure was investigated concerning the 

uniaxixal tensile test results of the scaffolds produced with the values mentioned above, 
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including the printing pressures, printing speeds, infill densities, and concentrations. As 

the solvent's boiling point decreases, the solvent's volatility increases [110]. The sequence 

of boiling point is: AA (118 °C) > CF (61 °C) > DCM (40 °C) [128]. The study with 

acetic acid was not continued, as it caused the closure and disappearance of the pore 

structures in the structure due to long-term solidification. As evaluated in the above 

sections, it is seen that the scaffolds printed with DCM solvent have higher Young's 

modulus values. On the other hand, the ductility behavior is generally higher in CF 

scaffolds. Still, as the infill ratio and polymer concentration increased, the fracture strain 

of the CF scaffolds decreased significantly, as seen from Figure 3.27 to Figure 3.30. The 

results obtained indicate that the mechanical properties of the printed scaffolds can be 

significantly affected by the solvents used to dissolve the polymer. Different solvents can 

affect the viscosity, surface tension, and evaporation rate of the polymer solution, which 

in turn can affect the printing quality and the resulting mechanical properties of the 

printed scaffolds. For example, the use of solvents with high volatility can result in faster 

solvent evaporation and therefore faster solidification of the printed structure[106], 

leading to a more dense and rigid structure with higher mechanical strength. On the other 

hand, the use of solvents with lower volatility may result in slower evaporation and slower 

solidification, leading to a less dense and more flexible structure with lower mechanical 

strength . 

PCL is a semicrystalline polymer, and semicrystalline polymers contain crystalline 

and amorphous regions. Crystallization nucleation sites can change with different solvent 

and their evaporation time therefore, the crystalline parts of PCL and the amorphous 

regions of PCL continue to be reorganized after printing and throughout the solidification 

period [129]. Along the drying time of the structure, the crystal regions affect the 

diffusion of the solvent, so the crystallinity ratios change [130]. In the literature, it has 

been stated that increasing the volume fraction decreases the flexibility between the 

chains, and this causes the delay of crystallization. As a result of the decrease in the 

interaction between the crystalline and amorphous regions, the crystallization rates also 

decrease [131]. These results can explain that the structures' mechanical properties at 75% 

concentration show that they are mechanically weaker, and their ductile behaviors are 

lower than 50% concentration. Considering all the data, PCL_DCM scaffolds ' stiffness 

were higher than PCL_CF scaffolds, especially at low speeds and high-pressure ranges. 

Although the ductility behaviors of the scaffolds produced at the same printing speed and 
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printing pressure using 50% concentration and 50% infill density parameters were close 

to each other, it was observed that the PCL_CF scaffolds showed more ductility. 

However, as the infill density increases for 75% concentration, the fracture strain of 

PCL_DCM scaffolds remain within specific ranges, while a significant decrease was 

revealed for CF scaffolds. 

Length of polymers affects the mechanical properties of materials. As the length of 

the polymers is increased in unit volume, molecular weight of materials is increased 

correspondingly and, this is a strengthening mechanism. So, molecular weight of 

materials are indications of mechanical properties [132]. Semicrystalline polymer 

structures include both amorphous and crystalline regions and the fraction is effective on 

mechanical behavior [97-132]. Bondings between the chains effects the mechanical 

properties [125-132]. Crystalline structure density is also effective on mechanical 

behavior [132-133]. Moreover, dense orientation of crystalline region increases the 

density and molecular weight [132-134]. Knowing this knowledge, mechanical behavior 

results that are described above are effective on microstructures of 3D printed polymeric 

structures. Fractions of crystalline regions, length of chains and bonds between the chains 

can be changed as a result of the change in printing parameters. The aforementioned 

effects can be investigated using detailed SEM and uniaxixal tensile analysis. From the 

results it can be concluded that optimum pressure and speed can change according to the 

solvent and its concentration. Also, at the optimum values, the chain length, molecular 

weight and crystallizations can be maximized. 

Table 3.8 Results of all scaffolds with mechanical tests. 
Polymers  

Concentration 

Infill 

Density 

(%) 

Speed 

(mm/s) 

Pressure 

(kPa) 

Young 

Modulus  

(MPa) 

Yield 

Strength 

 (MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation(%) 

50% PCL/CF 50 5 172 24.48 

28.42 

1.05 

1.07 

4.65 

4.82 

920 

840 

50% PCL/CF 50 5 310 35.68 

37.55 

1.5 

1.3 

9.44 

8.18 

993 

1161 

50% PCL/CF 50 5 480 26.26 

26.88 

2.3 

1.7 

6.78 

6.3 

1098 

1152 
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50% PCL/CF 50 10 206 26.63 

21.44 

1.15 

1.12 

5.44 

3.58 

1058 

840 

50% PCL/CF 50 10 345 36.44 

30.53 

1.45 

1.89 

6.67 

6.88 

1134 

1263 

50% PCL/CF 50 10 480 28 

32 

1.8 

1.6 

5.96 

5.80 

1144 

814 

50% PCL/CF 50 15 310 15.92 

16.95 

0.86 

0.81 

4.55 

3.11 

1256 

1298 

50% PCL/CF 50 15 396 19.56 

18.66 

1.31 

1.18 

4.58 

4.31 

1535 

1439 

50% PCL/CF 50 15 480 19 

18 

1 

0.8 

3.08 

3.41 

1273 

973 

50% PCL/DCM 50 5 172 23.93 

22.78 

2.13 

2.02 

5.27 

4.5 

841 

713 

50% PCL/DCM 50 5 310 35 

42 

2.3 

2.6 

4.6 

5.8 

902 

614 

50% PCL/DCM 50 5 480 39 

40 

1.9 

2.1 

6.4 

5.71 

919 

1041 

50% PCL/DCM 50 10 206 22.44 

18,66 

1,65 

1,3 

5,59 

2,88 

1008 

1099 

50% PCL/DCM 50 10 345 39,25 

43.2 

2.3 

2,6 

8,76 

7,65 

1512 

1000 

50% PCL/DCM 50 10 480 18 

16.15 

0.96 

0.91 

2.31 

2.14 

558 

792 

50% PCL/DCM 50 15 310 24,80 

21,3 

1,1 

1,12 

5,29 

4,84 

1024 

953 

50% PCL/DCM 50 15 396 24,39 

24,91 

1,39 

1,21 

6,93 

6,28 

1323 

1300 
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50% PCL/DCM 50 15 480 13.36 

13.85 

0.71 

0.93 

4.27 

3.95 

874 

950 

50% PCL/CF 50 5 310 22.42 

21.03 

1.8 

1.4 

6.87 

7.44 

1126 

1399 

50% PCL/CF 70 5 310 35.68 

37.55 

1.5 

1.3 

9.44 

8.18 

993 

1161 

50% PCL/CF 90 5 310 46.6 

44.8 

2.9 

3.6 

11.93 

10.48 

1254 

884 

50% PCL/DCM 50 5 310 35 

42 

2.3 

2.6 

4.6 

5.8 

902 

614 

50% PCL/DCM 70 5 310 46.65 

41.1 

2.2 

1.8 

8.5 

6.43 

875 

703 

50% PCL/DCM 90 5 310 50.06 

46.59 

42.28 

2.3 

2.1 

2.2 

8.7 

8.47 

8.11 

887 

976 

915 

75% PCL/CF 50 5 480 13.14 

18.11 

0.5 

0.8 

2.81 

3.35 

663 

543 

75% PCL/CF 70 5 480 13.93 

23.44 

1.3 

1.1 

3.11 

3.82 

595 

612 

75% PCL/CF 90 5 480 23.75 

28.85 

2.2 

1.1 

4.11 

3.07 

433 

307 

75% PCL/DCM 50 5 480 20.38 

19.7 

0,9 

1.2 

4.89 

4.98 

728 

891 

75% PCL/DCM 70 5 480 30.48 

28.38 

1.5 

1.4 

7.18 

6.00 

983 

706 

75% PCL/DCM 90 5 480 40.13 

39.69 

2 

2.7 

8.11 

10.21 

758 

1080 
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Chapter 4 

Conclusion and Future Prospects 

4.1 Conclusions  

3D bioprinting technology is a tissue scaffold production technique. This 

technology has become increasingly important in recent years, aims to print artificial 

tissues and organs that have biological activity and can fulfill physiological functions, 

thus solving the problem of tissues and organs that are insufficient to fulfill their 

functions. Bioprinted structures are currently being studied as potential transplantable 

grafts for tissue restoration, advanced in vitro models to aid in cancer research, testing of 

drugs, and potential alternatives to animal experiments.  

In our study investigated the effects of various process parameters on the 

mechanical properties printed PCL scaffolds. PCL was selected as the as the material of 

choice for our experimental investigations. Because, PCL exhibited superior mechanical 

properties, making it an attractive material for use in tissue engineering and biomedical 

engineering applications. Obtained results in terms of printability and mechanical 

demonstrate that bioink concentration, printing speed, printing pressure, nozzle size, z-

offset value, solvent, and infill density are all critical factors that influence the  printability 

and mechanical properties of printed PCL scaffolds.  

The solvent were found to be important factors in determining the mechanical 

properties of the printed scaffolds. Specifically, the use of DCM solvent showed higher 

stiffness results. Additionally, increasing the polymer concentration was found to be a 

simple and effective way to improve the mechanical strength and stiffness of the printed 

scaffolds. However, it is important to note that the optimal polymer concentration may 

vary depending on the specific scaffold design and intended application. While higher 

polymer concentrations generally led to improved mechanical properties, above a certain 
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concentration for our study at 50% polymer concentration, the mechanical properties 

started to plateau or even decrease as seen at 75% concentration. Increasing the PCL_CF 

concentration from 50% to 75% led to a significant decrease in ductility by approximately 

43%. Furthermore, scaffolds with a 75% polymer concentration exhibited lower tensile 

strength and ultimate tensile strength compared to the 50% polymer concentration in both 

solvents. 

Furthermore, optimizing the nozzle size and z-offset value was found to be 

important for improving the morphological and mechanical properties of the printed 

scaffolds. A nozzle gauge of 22 G and a z-offset value of 0.4 mm were found to be optimal 

for printing PCL scaffolds with high-quality morphological and mechanical properties 

among the z-offsett value of 0.2 and 0.6 mm in optic microscopy and observations 

examinations. 

In terms of printing speed and pressure, the results suggest that slower printing 

speeds and moderate printing pressures are preferred for achieving high-quality PCL 

scaffolds with good mechanical properties. PCL_DCM scaffolds printed at a slower speed 

of 5 mm/s exhibited the highest Young's modulus of 39.0 MPa, whereas scaffolds printed 

at faster speeds of 10 mm/s and 15 mm/s demonstrated a reduction in strength values of 

approximately 60% (16.15 MPa) and 65% (13.83 MPa), respectively.On the other hand, 

low printing speeds and high printing pressures can led to weaker mechanical properties 

for some case, while moderate printing pressures were found to be optimal for achieving 

good mechanical properties. PCL_CF scaffolds printed at a moderate speed of 10 mm/s 

exhibited the highest Young's modulus of 32.0 MPa, indicating that they were more rigid 

and less deformable compared to scaffolds printed at slower (5 mm/s) and faster (15 

mm/s) speeds with Young's moduli of 26.88 MPa and 18.0 MPa, respectively. 

The effect of infill density on mechanical properties examined 50%, 70 % and 90%. 

50% PCL and 75% PCL concentration, the highest Young's modulus values for PCL_CF 

and PCL_DCM scaffolds were obtained at a 90% infill density. Scaffolds printed with a 

50% infill density in 50% PCL concentration showed the lowest Young's modulus values, 

with reductions of approximately 31% and 50% for PCL_DCM and PCL_CF, 

respectively. For both concentration, increasing the infill density from 50% to 90% 

significantly increased the UTS. However, there was no clear relationship between 

elongation and infill density at both concentration.  
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Overall, the findings of this study provide valuable insights into the optimization of 

process parameters for PCL scaffolds and could inform the design and fabrication of PCL-

based tissue engineering scaffolds for various biomedical applications. However, further 

research is needed to explore the effect of other process parameters, such as nozzle 

diameter and layer thickness, on the mechanical properties of 3D-printed PCL scaffolds, 

as well as to evaluate the in vivo biocompatibility and functionality of these scaffolds. 

4.2  Societal Impact and Contribution to Global 

Sustainability 

3D bioprinting technology, an increasingly important technique in tissue 

engineering, aims to print artificial tissues and organs capable of biological activity and 

performing physiological functions to address the issue of insufficiently functioning 

tissues and organs. Structures created with bioprinting are currently being investigated as 

potential transplantable grafts for tissue restoration, advanced in vitro models to assist in 

cancer research, and potential alternatives to animal experiments for drug testing. 

Additionally, it is crucial for Turkey to conduct more research using 3D bioprinting 

technology, which has rapidly advanced in the field of tissue engineering in recent years, 

to elevate the country's position in international competition, as outlined in the 11th 

Development Plan. 

The PCL polymer, which will be used in the thesis study, is frequently used in 

various biomedical research due to its characteristics such as low melting temperature, 

good solubility, slow biodegradation rate, and compatibility with biological tissues. PCL 

enables the production of scaffolds with the desired morphology and mechanical strength. 

Moreover, PCL solutions are commonly preferred in 3D bioprinting techniques and other 

tissue fabrication methods due to their suitable viscosity. The thesis study aims to 

examine the effects of density, solvent type, and device parameters on the printability and 

mechanical behavior of the PCL structures. This comprehensive investigation aims to 

determine scaffolds that support cell adhesion for various tissue types, facilitate gas and 

nutrient exchange, and exhibit the desired mechanical strength. The successful 

completion of the study is expected to significantly contribute to the field by accelerating 

research efforts and making substantial contributions to the global literature through the 

extensive range of data obtained. 
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4.3  Future Prospects 

The outcomes of this thesis study have significant implications for the mechanical 

application of tissue engineering and regenerative medicine. The creation of scaffolds 

with the desired pore structures, mechanical properties, and biocompatibility is crucial 

for the production of functional tissues and organs in the laboratory. The knowledge 

obtained from this study can aid in the creation of such scaffolds by providing insights 

into the optimal polymer concentrations, solvents, and device parameters for printing 

PCL structures with desired mechanical properties and pore structures. 

Moreover, the data obtained from this study could be used to perform mechanical 

analyses using software such as Ansys, which can provide insights into the structural 

stability and mechanical behavior of PCL scaffolds under different loading conditions. 

These simulations could inform the design of scaffolds with enhanced mechanical 

properties, leading to the development of more effective treatments for tissue injuries and 

diseases. 

In conclusion, the results of this study can contribute significantly to the 

advancement of the field of tissue engineering and regenerative medicine by providing 

new knowledge on the optimal parameters for printing PCL structures with desired 

mechanical properties. The application of mechanical analysis tools such as Ansys can 

further inform the design of scaffolds with enhanced mechanical properties, which could 

ultimately lead to the development of functional tissues and organs for use in regenerative 

medicine. 
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