
ABSTRACT 

NARAYANAN, LOKESH KARTHIK. Empirical and Finite Element Modeling of Structural 

and Mechanical Properties of 3D Bioplotted PCL Scaffolds. (Under the direction of Dr. Rohan 

Shirwaiker). 

 

Tissue engineering and regenerative medicine (TERM) is increasingly being adapted 

in clinical treatment. TERM strategies involve creation of biological substitutes to repair, 

replace or augment the function of a living tissue, through application of the principles and 

methods available in engineering and life sciences. One such strategy relies on the use of 

scaffolds that will mature into the biological substitutes. Scaffolds are three-dimensional (3D) 

substrates that temporarily house the cells and serve as a template for extra-cellular matrix 

generated by the proliferating cells. Theses scaffolds are designed as porous 3D structures with 

structural and mechanical properties specific to the tissue/organ type. These properties are very 

critical to the clinical success of the scaffolds and they are dependent on the fabrication 

methods. Additive manufacturing (AM) processes are being widely used in scaffold fabrication 

owing to their capability of creating scaffolds with patient specific geometry and increased 

control over porous architecture. 3D bioplotting in one type of AM process that involves 

pneumatic extrusion of viscous biomaterials. The extruded biomaterial is deposited in patterns 

governed by the input geometry, and scaffolds are constructed by laying patterns in a layered 

fashion. 3D bioplotting offers ease and flexibility of defining porous architectures and can also 

be used to fabricate cell laden constructs. 

This thesis investigates process-structure interactions in the 3D bioplotting of ɛ-

Polycaprolactone (PCL, Mw: 45kDa), a widely used biomaterial in scaffolds and implantable 

medical devices. The effects of process parameters on structural and mechanical (tensile 

properties) of 3D bioplotted PCL were modeled. In addition, a finite element (FE) model was 

developed for porous PCL structures. The primary motivation is to allow the engineering of 



scaffolds with greater precision, reproducibility and sufficient mechanical properties by 

understanding the process parameters and structure relationships.  

First, the effects of extrusion pressure, nozzle speed, strand lay orientation and strand 

length on measured strand width were investigated. The study was modeled as a mixed level 

design of experiments with four levels for extrusion pressure (0.3, 0.4, 0.49, 0.59 N/mm2), 

nozzle speed (0.1, 0.4, 1.0, 1.4 mm/sec) and strand lay orientation (0°, 90°, 135°, and 45°), and 

3 levels for strand length (10, 20, 30 mm). Results show that the extrusion pressure and nozzle 

speed had a significant effect on the strand width (p<0.05). A predictive response surface 

model was developed and validated using a least square regression to map strand width to the 

significant factors.  

Next, tensile properties were determined for 3D bioplotted bulk tensile specimens 

(ASTM D638 – 10 Type 4) of two lay orientations (0° and 90°). The differences in elastic 

moduli, yield strength and fracture strength were statistically significant (p<0.05) higher for 

specimens with 0° lay orientation (63.3, 13.4, 6.79 N/mm2) than specimens with 90° lay 

orientation (43.89, 8.88, 4.15 N/mm2) indicating that lay orientation had a significant effect on 

mechanical properties.  

Finally, a FE model was developed for a porous PCL structure with 1:1 ratio of inter-

strand spacing to strand width with mechanical property inputs determined from the 

experimental tensile characterization study. Effective modulus of the structure and stress 

distribution were determined. The model was then validated by experimentally testing the 

corresponding porous tensile specimen. The modulus computed by FE model was only 8.33% 

higher than the experimental modulus, validating its effectiveness. Elastic moduli, yield 

strength and fracture strength of the porous specimen (34.63, 8.07, 3.83 N/mm2) were 



approximately 44% and 30% less than the properties of bulk specimens of 0° and 90° lay 

orientations respectively.  

The models developed in this thesis can be effectively used in future to predict the 

strand dimensions and elastic moduli of any 3D bioplotted PCL scaffold within the established 

design space. 
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CHAPTER 1: INTRODUCTION  

1.1. Background 

Implantable medical devices which are primarily made of polymers, metals or ceramics 

are intended to replace or augment the function of the living tissue. Although these implants 

which stay inert in the host body satisfy the functional requirements, there can be a 

considerable mismatch between their structural, mechanical and biological properties when 

compared to the host tissue. For example, the compressive strength of titanium alloys typically 

used in orthopedic implants lies between 450-1850 MPa [1], whereas the compressive strength 

of cortical bone lies between 100-230 MPa [2]. As a result, there has been a gradual shift 

towards tissue engineering and regenerative medicine (TERM) strategies, which focus on the 

creation of living tissue system substitutes as opposed to non-biological devices. Tissue 

engineering is defined as “The application of the principles and methods of engineering and 

life sciences toward the fundamental understanding of structure-function relationships in 

normal and pathologic mammalian tissue and the development of biological substitutes to 

restore, maintain, or improve function.” [3] Over the last decade, TERM research has gained 

prominence. For instance, a simple search in ISI web of knowledge database (2006-2016) using 

the keywords “tissue engineering “ and “regenerative medicine” returned over  4,650 scientific 

total publications.  

Basic TERM strategies can be classified into three categories [4]:  

1. Implantation of isolated cells or cell substitutes into the subject (cell therapy) 

2. Delivery of tissue formation-inducing substances (e.g., growth factors) into the subject 
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3. Implantation of biologically active products combining biological components (cells, 

growth factors etc.) and polymer matrices (e.g., alginate, collagen, polycaprolactone 

(PCL), polylactic acid (PLA)). 

The third strategy is most synonymous with the concept of tissue engineering to restore 

or replace malfunctioning tissues or organs affected by injury or disease with engineered 

biological substitutes in lieu of allogeneic organ transplantation. According to the organ 

procurement and transplant network (OPTN) data, as of 8/4/2016, there were approximately 

120,027 patients waiting for a transplant, whereas the number of available donors was 

staggering behind at 7,766 [5]. Over the last decade, the gap between the number of patients 

in need of transplants and number of donors has continued to widen. Another major issue is 

the risk of rejection of a transplanted organ within the donor [6]. Tissue engineered substitutes 

can potentially alleviate these problems. In addition to therapeutics, engineered tissues and 

organs are also being investigated in drug testing, disease modeling and precision medicine 

applications [7]. 

  

1.2. Scaffold – The Extracellular Substrate 

The extracellular substrates used in the tissue engineering are known as scaffolds. Scaffolds 

offer physiological context for proliferating cells to organize into a regulated functional unit 

while serving as the three-dimensional template for the generation of extracellular matrix 

(ECM). A scaffold should satisfy the following requirements [8]: 

1. Provide cues for cell-biomaterial interactions, cell adhesion, and ECM deposition 

2. Permit sufficient transport of gasses, nutrients, and regulatory factors to allow cell 

survival, proliferation, and differentiation 
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3. Biodegrade at a controllable rate that approximates the rate of tissue regeneration under 

the culture conditions of interest 

4. Provoke a minimal degree of inflammation or toxicity in vivo 

In order to satisfy these requirements, scaffolds are designed as porous 3D structures 

mimicking the ECM organization of the native tissue. In addition, scaffolds must possess 

mechanical and structural properties comparable to that of native tissues.   

Scaffolds can be composed of either natural decellularized ECM [9–11] or biomaterials 

[12,13] including natural or synthetic polymers. The former approach involves the use of the 

specific organ’s decellularized ECM as a scaffold after removal of all cellular components 

from an allogeneic or xenogeneic donor graft through chemical and enzyme treatments. These 

decellularized ECM scaffolds are repopulated with appropriate cell type ex vivo followed by 

optional in vitro culture prior to transplantation. The latter approach involves the fabrication 

of 3D scaffolds using biomaterials and seeding with cells, followed by in vitro culture prior to 

transplantation. This lab-grown tissue is expected to resume tissue growth and maturation post-

implantation to replace/repair/restore its expected in vivo function. 

Although the decellularized ECM based approach provides advantages in terms of 

providing the cells with molecular level cues necessary for optimal cell function and tissue 

regeneration [14], it requires a donor organ to begin with, and the cell-seeded constructs lack 

mechanical strength and structural integrity until they mature [15–17]. These issues do not 

exist in the case of the biomaterial scaffolds approach. However, in absence of natural 

biological cues and fibrous ECM framework, the biomaterial scaffold design including the 

geometry, porous architecture and surface properties to promote cell adhesion, migration, 

signaling, proliferation, and eventually, tissue formation, becomes extremely critical. The 
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scaffold design is governed the tissue being engineered and its native cell types. The porosity 

of a scaffold translates into the space available for cells to migrate and develop vasculature, 

and serves to facilitate efficient transportation of nutrients and metabolic wastes. For example, 

the average pore size for scaffolds used in bone tissue engineering is 300 µm [18] whereas the 

scaffold pore size for muscles cells ranges from 63-150 µm [19]. The porous 3D architecture 

enables the cultured cells to secrete ECM similar to the native ECM, which is an advantage 

over 2D culture systems [20].  

Scaffolds have been fabricated using a variety of biomaterials ranging from natural 

materials like collagen, chitosan, hyaluronic acid (HA), alginate, and silk fibroin to synthetic 

polymers like polylactic acid (PLA), polyglycolic acid (PGA), poly (ε-caprolactone) (PCL), 

and polyurethanes (PU) [12]. Table 1 summarizes applications and characteristics of some of 

the most widely used scaffold biomaterials. As with scaffold design, the type of material also 

depends on the application and cell or tissue type in order to elicit the necessary biological 

responses, mechanical properties, degradation rate (i.e., molecular breakdown) in in vivo 

physiological conditions, and the fabrication method. The byproducts of degradation must also 

be nontoxic and non-inflammatory.  
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Table 1: Summary of scaffolding biomaterials 

Biomaterial Application Salient properties 

PGA Sutures, bone fixation devices [21,22] 
 Good mechanical strength 

 Quick degradation 

PLA 
Orthopedic fixation devices, Ligament 

replacement devices, sutures [23,24] 

 Good tensile strength 

 Injectable form 

PCL 
Long-term tissue engineered implants, 

contraceptive devices [25,26] 

 Prolonged degradation rate 

 Good mechanical properties 

PU Bone tissue engineering [27,28] 

 Ability to achieve  

 High porosity 

 High surface to volume 

ratio 

Collagen 
Bioengineered skin, Soft tissue 

engineering [29,30] 
 Identical to natural ECM 

TCP Connective tissue, bone inserts [31,32]  Excellent mechanical strength  

HA Wound dressings, bone grafts [33]  Promotes angiogenesis [34] 

 

PCL is one of the most commonly used synthetic polymer biomaterial. A simple search 

in the ISI web of knowledge (2006-2016) combining the keywords “PCL” and “scaffold” 

yielded 2552 results. PCL is a semi-crystalline linear aliphatic polyester and is miscible with a 

large range of other polymers. Biodegradation rate of PCL is slower than that of PLA and 
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PGA. Owing to this property, it is primarily used in long-term implantable devices and targeted 

drug release devices. Physical and mechanical properties and biodegradation rate depend on 

its molecular weight. The relatively low melting point of PCL makes it ideal to be used in 

different types of fabrication processes.  

 

1.3. Scaffold Fabrication Methods 

Scaffold fabrication can be classified into traditional methods (e.g., solvent casting/ 

particulate leaching, freeze-drying, phase inversion, electrospinning) and additive 

manufacturing (AM) processes (e.g., stereolithography (SLA) [35,36], selective laser sintering 

(SLS) [37,38], fused deposition modeling (FDM) [39,40], 3D bioplotting (3DB) [41–43]). In 

recent years, there has been a transition towards AM methods because they offer better control 

over 3D porous architecture, better reproducibility, and faster fabrication efficiency when 

compared to traditional processes. In general, AM processes offer greater flexibility to 

reproduce complex anatomical geometries, leading to the feasibility of creating patient-specific 

designs.  

AM processes can be classified by their operating principles. For example, SLA and 

SLS are laser based processes. SLA, the precursor to all AM techniques, utilizes an ultraviolet 

laser beam to selectively polymerize a photopolymerizable liquid resin and build structures 

layer by layer. Use of SLA in the manufacture of scaffolds is limited due to the limited 

availability of appropriate photosensitive biomaterials and shrinkage issues [44]. Furthermore, 

the mechanical properties of SLA structures are often not favorable for biomedical applications 

[45]. SLS utilizes a CO2 laser beam to selectively sinter polymeric powder bed, fusing the 

powder particles into a continuous fiber/layer. Successive layers are printed on top by lowering 
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the powder bed [46]. SLS is best suited to fabricate simple linear bulky structures and is faster 

than most AM processes. However, major drawbacks include accelerated material degradation 

(breakage of molecular chains and oxidation due to laser exposure) and relatively low 

resolution [47]. In addition, powder debris can get entrapped within the scaffolds owing to 

either improper fusion of the powder particles or lower powder packing density on the bed, 

which can cause inflammatory biological response after in vitro culture and implantation [47]. 

Another category of AM processes is based on the principle of extrusion (e.g., FDM 

and 3DB). The extrusion pressure is applied either pneumatically or mechanically via a screw. 

In the case of FDM, the polymer is fed in the form of wire to the extrusion head which consists 

of a heated nozzle that melts the wire and pushes it through the orifice creating filaments on 

the platform. The digitally-controlled dispensing head travel path and resulting strand 

deposition pattern are governed by computer aided design (CAD)/ computer aided 

manufacturing (CAM). The lay direction as well all the spacing between the strands can be 

controlled allowing the fabrication of scaffolds with intricate geometry and a higher degree of 

reproducibility. In the case of 3DB, the material to be extruded can be either a heated melt or 

viscous [48]. This enables the use of 3DB to fabricate scaffolds with hydrogels and 

encapsulated cells [49]. Further, 3DB allows the ability to print materials from multiple 

cartridges within the same structure, thereby providing the ability to create hybrid constructs 

with a multi-material biopolymeric framework with or without encapsulated cells [50]. 

 

1.4. Motivation and Research Objectives 

Strands are the fundamental building blocks of additively manufactured scaffolds; 

scaffolds are built layer by layer, and strands constitute each layer. The porous architecture of 
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scaffolds is governed by the strand dimensions, lay orientation, and inter-strand spacing. Strand 

dimensions and lay orientation affect the scaffold mechanical properties as well as the 

distribution of cells and nutrient exchange once they are seeded. In extrusion-based processes 

including 3DB, because strands are created by extruding the melt through the nozzle of a 

moving dispensing head, parameters such as the internal diameter of the nozzle, extrusion 

pressure, viscosity of the polymer/melt and the nozzle speed affect the strand dimensions. The 

strand width is sensitive to changes in these process parameters due to the non-Newtonian flow 

of the melt and the shear stresses as it is pressurized through the nozzle [51]. The mechanical 

properties are also dependent on the process parameters due to the melt deformation endured 

at the nozzle. There is strong evidence that the properties of polymers processed using 

extrusion-based AM processes significantly differ in comparison to their unprocessed or 

injection molded forms [52,53]. From a process engineering perspective, it is very important 

to study the relationships between these process parameters, strand dimensions, and resulting 

mechanical properties of the scaffold. Understanding these relationships can enable the 

engineering scaffolds with greater precision and reproducibility. 

Several studies have looked at modeling the effects of FDM process parameters on the 

quality of AM fabricated structures. For example, Anitha et al. mapped the effects of layer 

height, road width and nozzle speed on the surface roughness of the printed specimen, and 

reported that the layer height had the most significant effect on the surface roughness of the 

printed part [54]. Górski et al. modeled the effects of lay orientation, layer height, and layer 

filling strategy on the structure strength, surface quality, accuracy and manufacturing time of 

acrylonitrile butadiene styrene (ABS) parts [55]. Their results demonstrated that the lay 

orientation had the most significant effect on accuracy and part strength. Sood et al. developed 
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an empirical model of FDM process parameters for compressive strength improvement in ABS 

structures and determined the optimal process parameter values for layer thickness, lay 

orientation, raster angle, and raster width to achieve the maximum compressive strength [56].  

In terms of additively manufactured PCL scaffolds, Eshraghi et al. reported on the 

mechanical properties of SLS-fabricated PCL with different lay orientation and architecture 

[57]. Such thorough interactions must be better understood for 3DB of PCL. So far, only a few 

studies have explored this research space. For example, Sheshadri et al.  were the first to 

characterize the material-process-structure interactions in the 3DB of PCL. They reported on 

the effects of two 3DB process parameters, extrusion temperature, and nozzle diameter, on the 

strand width and compression modulus of PCL scaffolds [42]. However, the relationships 

between other process parameters have not been well characterized yet. 

This thesis aims to contribute to our overall understanding of the process-structure 

interactions in 3DB of PCL (molecular weight Mw: 45 kDa). Specifically, this thesis focusses 

on modeling the effects of process parameters on structural and mechanical (tensile) properties 

of 3D bioplotted PCL via three specific aims: 

Aim 1: Investigate the relationships between 3DB parameters (extrusion pressure, nozzle 

speed, lay orientation, strand length) and PCL strand geometry: 

 Identify the critical process parameters and determine theirs effect on the extruded 

strand width. 

 Develop a predictive model based on the empirical data to map the relationship between 

critical parameters and the strand width. 

Aim 2: Determine the effect of stand lay orientation on tensile properties of bulk (non-

porous) 3DB PCL structures. 
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Aim 3: Develop a finite element model for 3DB of PCL structures 

 Create finite element (FE) models of porous 3D bioplotted PCL structures.  

 Empirically determine the tensile strength of porous 3D bioplotted PCL structures 

corresponding to the FE model to validate the model. 

The major contributions of this thesis include:  

 Design space mapping of 3DB extrusion pressure, nozzle speed, and resulting strand 

width.  

 Elastic moduli of 3D bioplotted structures PCL fabricated in two different orientations. 

 FE model that can be used to estimate properties of a variety of porous 3D bioplotted 

PCL scaffolds within the established design space. 

 

1.5. Chapter Summary 

TERM strategies have enabled the use of implantable biological substitutes for 

therapeutics and diagnostics in biomedicine. These biological substitutes consist of a 3D 

framework called scaffolds which are seeded with living cells. The primary function of 

scaffolds is to provide physical and biological support to the cells while they secrete ECM and 

form the tissue. Scaffolds can be made from a wide variety of biomaterials and using different 

types of fabrication processes depending on the application. An important class of scaffold 

fabrication processes is extrusion-based AM processes such as 3DB. The relationships between 

3DB process parameters and properties of extruded strands and scaffolds have not been 

completely characterized yet. Hence, this thesis will investigate the process-structure 

interactions in 3DB of PCL, a commonly used scaffold biomaterial. The following chapters 

(Ch. 2-4) are organized by the three specific aims. Each chapter will include an introduction to 
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the specific aim, materials and methods, results and discussion, and a concluding summary. 

The thesis concludes in Ch. 5 with an overall summary and future directions. 
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CHAPTER 2: EFFECTS OF 3D BIOPLOTTING PARAMETERS ON PCL 

STRAND WIDTH 

 

2.1. Introduction 

All 3DB studied in this thesis was performed using 3D-BioplotterTM (Manufacturer 

Series, EnvisionTEC GmbH, Gladbeck, Germany). 3DB is a pneumatic extrusion-based AM 

process which involves fabrication of structures through deposition of molten or viscous 

material. 3D structures are built layer by layer like any AM process. A layer comprises of 

extruded material in the form of strands deposited in a pattern. The material to be 3D bioplotted 

is loaded into a cartridge which has a luer-lock on one end to fit nozzles of various sizes and 

an inlet port to on the other to apply pneumatic pressure. The cartridge is housed in one of the 

temperature controlled dispensing heads. The dispensing head is picked by the tool head and 

follows the toolpath generated by the accompanying software from the input CAD geometry. 

The software allows the user to define geometrical attributes such as layer height, position on 

the bioplotting platform, internal architecture (infill pattern) of the structure as well as the 

process attributes such as extrusion temperature, extrusion pressure, and nozzle speed. Detailed 

steps involved in 3D-bioplotting are discussed in the section 2.2.1 of this chapter.  

Assigning optimal levels of 3D-bioplotting process parameters is very critical to the 

quality and geometrical fidelity of a 3D bioplotted structure. The extrusion temperature is the 

temperature set to the cartridge in the dispensing head. Extrusion pressure is the pressure 

required to dispense the material through the nozzle. Nozzle speed is the velocity with which 

the dispensing head can be moved in (X-Y) plane. These process parameters determine the 

geometrical and quality attributes of strands. Strands are basic building blocks of any 3D 
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bioplotted structure, and strand width is a critical attribute that defines the internal structure of 

the scaffolds. Another important attribute is the layer height set for slicing the STL file into 

layers, which is recommended to be 80% of the internal diameter of the nozzle in 3D 

bioplotting.  

The geometry of the strands is governed by the nozzle diameter and the process 

parameter levels. For example, the width of a strand increases with increase in extrusion 

pressure. This phenomenon occurs due to the increase in flow rate of the extruded polymer 

through the nozzle with increasing pressure [51]. On the other hand, if the nozzle speed is 

increased, the time available for the extruded strand to adhere to the substrate beneath 

decreases, leading to a stretching effect which causes thinning of the strands [48]; there is an 

inversely proportional relationship between nozzle speed and strand width. In addition to the 

dependence of strand width on material-specific process parameters, there may also be 

potential relationships with geometry- specific factors like lay orientation and strand length.  

Understanding these relationships can lead to better control over the geometry and quality of 

3D bioplotted structures as well as tighter tolerance.  

This chapter presents the experimental approach and research findings of the 

relationship between strand width and material-specific factors (pressure, nozzle speed) and 

geometry-specific factors (strand lay orientation, length of the strand).  
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2.2 Materials and Methods 

2.2.1. 3D Bioplotter General Operating Procedure and Workflow 

 An overview of 3D Bioplotter (EnvisionTEC GmbH, Gladbeck, Germany) operation 

work flow is presented in Figure 1. 

 

 
 

Figure 1: 3D-Bioplotter workflow 

 

The workflow involved in using a 3D Bioplotter can be categorized based on the 

software used. The first step involves defining the geometrical shape of the structure. The 3D 

Bioplotter requires an STL file as an input for defining the toolpath, corresponding to the 

external geometry of a structure. The STL file can be generated from any CAD modeling 

software (e.g., SOLIDWORKS). The STL file then has to be positioned virtually on the 

bioplotter platform and sliced into layers. The ‘Bioplotter RP’ software (EnvisionTEC GmbH) 
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enables the user to move and rotate the STL files thereby enabling positioning of the structure 

on the platform. The file can be then sliced by assigning appropriate layer height.    

The sliced file is then imported into ‘VisualMachines’ software (EnvisionTEC GmbH) 

to generate the CAM data required to generate the toolpath. ‘VisualMachines’ allows the user 

to assign process parameter inputs pertaining to material and infill pattern of the structure 

respectively in the ‘Material editor’ and ‘Inner structure pattern editor’ sections, respectively. 

The ‘Material editor’ enables the user to assign parameters such as extrusion temperature, 

extrusion pressure, and nozzle speed as well as input parameters to clean the nozzle during the 

print cycle. The ‘Inner structure pattern editor’ allows the user to model the internal geometry 

of the structure by assigning lay orientation and strand separation for each individual layer of 

the structure. Table 2 below provides a brief description of the inputs that can be specified by 

the user in ‘Inner structure pattern editor’ tab. 

Table 2: Inner structure pattern editor inputs 

Input Description Illustration 

Distance 

between 

strands 

The distance between the center axis 

of the adjacent strands in the XY plane 

of an individual layer. 

 

Angle 

The lay orientation of the strands with 

respect to the X axis on the XY plan. 

(0° to 179.99°) 
 

 



 

16 

2.2.2. Selection of levels for 3D Bioplotting parameters  

The polymer used in this study is PCL (average molecular weight Mw : 45 kDa; 

Polysciences Inc., Warrington, PA) in the form of pellets (Ø3mm). The parameters of interest 

are extrusion pressure, nozzle speed (both process-specific), lay orientation, and strand length 

(both geometry-specific). The range of levels for the process-specific parameters, nozzle speed 

and extrusion pressure, were chosen by following the screening algorithm below: 

The maximum and minimum combinations of speed and pressure at which 

1. Individual strands extruded are continuous for a length of 30 mm. 

2. Layers bioplotted with a 0°/90° strand lay orientation with 1:1 strand width to inter- 

strand spacing have no visual defects (no discontinuity or thinning). 

3. Scaffolds of 5mm thickness fabricated with 0°/90° strand lay orientation have no visual 

defects.  

The CAD models Table 3 presents the geometry of the CAD models for strands, layers, 

and scaffolds used in this algorithm that were created in Solidworks 2015 (Dassault Systèmes 

SOLIDWORKS Corp., Waltham, MA). 
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Table 3: CAD geometry used for parameter level screening  

CAD 

Model 
Shape 

Length 

(L) (mm) 

Diameter 

(D) (mm) 

Thickness 

(T) (mm) 
Illustration 

Strand Cylinder 30 0.3 - 

 

Layer Disc - 20 0.6 

 

Scaffold Cylinder  20 5 

 

 

The lay orientation was set to 0° for the individual strand and to 0°/90° for layer and 

scaffold. Inter-strand spacing for the layer and scaffold was set based on the strand width 

measured from strands printed in step 1. The structures were printed using a 300 µm nozzle 

(inner Ø) assembled to a high-temperature dispensing head. The temperature was set to 120°C 

with a preheat interval of 20 mins prior to initiation of a fabrication cycle.  

An experimental CAD model used in the study to measure the strand width is presented 

in Figure 2. The design incorporated features to include the geometry-specific factors (lay 

orientation, strand length). Lay orientation was included in the CAD model by designing the 

strands to be at 0°, 90°, 135°, and 45° to the X axis of the 3D bioplotter. The factor length was 

included by designing the three strands in each lay orientation, with lengths 10, 20, 30mm.  
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Figure 2: Experimental CAD model for determination of strand width (all dimensions in mm) 

 

2.2.3. 3D Bioplotting of Strands and Metrology 

Three replicates of the model were 3D bioplotted for each combination of speed and 

pressure. Post-fabrication all strand sets were subjected to metrology of strand width. All 

measurements were made using a digital microscope (150X magnification, KH-7700, Hirox, 

Hackensack, NJ). For each strand, width was measured at the 3 locations (ends and midpoint). 

The strand width for each combination of speed pressure, lay orientation and strand length was 

calculated as the mean of nine readings. All metrology data are reported as a mean ± standard 

deviation. 

 

2.2.4. Statistical Analysis 

 A mixed level design of experiments (DOE) was formulated with 4 factors (extrusion 

pressure, nozzle speed, lay orientation and strand length); there were 4 levels for extrusion 
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pressure, nozzle speed and lay orientation and 3 levels for strand length. The response variable 

was strand width. The effects of these factors and their interactions on the strand width were 

analyzed using analysis of variances (ANOVA) models, and significant factors were 

determined for an alpha level of 0.05. Finally, a predictive equation was developed to estimate 

the strand width based on the identified significant factors by fitting the best least square 

regression model. All statistical analyses were performed using JMP Pro (SAS, Cary, NC). 

 

 

2.3. Results and Discussion 

 The maximum level of extrusion pressure and the minimum level for nozzle speed were 

restricted by machine/operational constraints. The minimum level of pressure and maximum 

level of nozzle speed were determined using the parameter level screening algorithm presented 

in section 2.2.2. Table 4 presents the screened parameter levels that were selected for the DOE. 

The intermediate levels between the extrema were selected as quantiles between extrema 

rounded to the nearest second decimal place for extrusion pressure and first decimal space for 

nozzle speed. 

Table 4: Levels of extrusion pressure and nozzle speed 

Extrusion pressure (N/mm2) Nozzle speed  (mm/sec) 
0.3 0.1 

0.4 0.4 

0.49 1.0 

0.59 1.4 

 

 A representative sample of the 3D bioplotted strands experimental model with 0.49 

N/mm2 extrusion pressure and 0.1mm/s nozzle speed is shown in Figure 3. With 16 

combinations of parameters and 3 samples for each combination, a total of 48 samples were 
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3D bioplotted. Average strand width for all combinations of factors are reported in Appendix 

A.  

 

Figure 3: 3D bioplotted experimental model (extrusion pressure = 0.49N/mm2 , nozzle speed = 

0.1mm/sec) 

 A full factor ANOVA was performed to determine the effect the factors and their 

interactions on strand width.  The null hypothesis was “strand width at different levels of 

factors remains the same”. The results from the ANOVA and the effects test for the factors are 

summarized in Table 5 and Table 6. Results indicate that the factors had a significant effect 

on the mean strand width (p < 0.001), thus rejecting the null hypothesis. The effects test for 

the factors and their interactions showed that the extrusion pressure, nozzle speed and their 

interaction had a statistically significant effect (p < 0.001) on the strand width. 

Table 5: ANOVA output for the full factorial design 

Source  DF  Sum of squares  Mean square  F-ratio  p-value  
Model (4 factors with 

all interactions) 

15 26103356.55 1740223.77 44.747 < 0.001 

Error 176 6844735.82 38890.54   

Total 191 32948092.37    
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Table 6: Effects test of the full factorial ANOVA 

Source Sum of 

Squares 

F Ratio Prob > F 

Extrusion pressure 1109598 28.531 < 0.001 

Nozzle speed 23776061 611.358 < 0.001 

Extrusion pressure * nozzle speed 1096420 28.192 < 0.001 

Strand length 43846 1.127 0.290 

Lay orientation 8217 0.211 0.646 

Extrusion pressure * lay orientation 28361 0.729 0.394 

Nozzle speed * lay orientation 8143 0.209 0.648 

Extrusion pressure * nozzle speed * lay orientation 18262 0.470 0.494 

Extrusion pressure * strand length 538 0.014 0.907 

Nozzle speed * strand length 3966 0.102 0.750 

Extrusion pressure * nozzle speed * strand length 4 0.000 0.992 

Lay orientation * strand length 1819 0.047 0.829 

Extrusion pressure * lay orientation * strand length 6024 0.155 0.694 

Nozzle speed * lay orientation * strand length 35 0.001 0.976 

Extrusion pressure * nozzle speed * lay orientation * 

strand length 

2063 0.053 0.818 

 

 

 A response surface graph of the strand width was constructed against all levels of 

extrusion pressure and nozzle speed (Figure 4) by averaging the strand width for each 

combination of extrusion pressure and nozzle speed. From Figure 4 it can be interpreted that 

the strand width decreases with increasing nozzle speed and increases with increasing 

extrusion pressure. Further, an interaction between the factors can also be noticed. These 

observations are similar to the general assumption made on the relationship of these factors as 

described in section 2.1.  
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Figure 4: Response surface of strand width for combinations of different levels of extrusion 

pressure and nozzle speed 

 

The increase in strand width with extrusion pressure can be attributed to the increase 

in flow rate of the polymer through the nozzle, thereby dispensing larger volumes of molten 

polymer on the platform. Since the height offset between the nozzle and the platform was 

constant, the larger volume of polymer extruded was forced to spread resulting in an increase 

in strand width. The decrease in strand width with increasing nozzle speed can be attributed to 

the decrease in the dispensing time of the polymer per unit length traversed by the nozzle. With 

the flow rate of extruded polymer remaining constant, same volume of the polymer is being 

dispensed on the platform at a shorter time interval per unit of length dispension. This lead to 

decrease in the volume of polymer deposited on the platform per unit length traversed by the 
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nozzle. This decrease in volume per unit length translates to decrease in strand width owing to 

the constant nozzle height offset. 

        For the identified significant factors and interactions, a regression model was developed 

to predict the strand width using least square regression model given in Equation 1.  

Strand width =  β0  +  β1  ∗  extrusion pressure +  β2  ∗  nozzle speed  +  β3

∗  extrusion pressure ∗  nozzle speed +  ε Equation 1 

 

Where, 

 β0 = intercept 

β1 = parameter associated with extrusion pressure 

β2 = parameter associated with nozzle speed 

β3 = parameter associated with the interaction of extrusion pressure and nozzle speed. 

List of models tested with their corresponding R-squared values is presented in Table 

7. First, the strand width data was fitted with a simple linear model as shown in the first row 

of the table. Owing to the nonlinear relationship between strand width and the factors, the R-

squared value was only 0.79. Hence, nine other models with simple nonlinear transformations 

such as logarithms and squares were tested to obtain a better fit.  
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Table 7: List of different least square regression models and their corresponding R2 values 

Sno Least square regression models R2 

value 

1 Strand width = β0+ β1 * extrusion pressure + β2 * nozzle speed  + β3 * extrusion 

pressure * nozzle speed + ε  

0.789 

2 Strand width = β0+ β1 * Log(extrusion pressure) + β2 * nozzle speed  + β3 * 

Log(Extrusion pressure) * Nozzle speed + ε  

0.783 

3 Strand width = β0+ β1 * extrusion pressure + β2 * Log(nozzle speed) + β3 * 

extrusion pressure * Log(nozzle speed) + ε 

0.905 

4 Strand width = β0+ β1 * Log(extrusion pressure) + β2 * Log(nozzle speed) + β3 * 

Log(extrusion pressure) * Log(nozzle speed) + ε 

0.897 

5 Strand width = β0+ β1 * extrusion pressure^2 + β2 * nozzle speed + β3 * extrusion 

pressure^2 * nozzle speed + ε 

0.792 

6 Strand width = β0+ β1 * extrusion pressure + β2 * nozzle speed^2 + β3 * extrusion 

pressure * nozzle speed^2 + ε 

0.643 

7 Strand width = β0+ β1 * extrusion pressure^2 + β2 * nozzle speed^2 + β3 * 

extrusion pressure^2 * nozzle speed^2 + ε 

0.646 

8 Strand width = β0+ β1 * SQRT(extrusion pressure) + β2 * nozzle speed + β3 * 

SQRT(extrusion pressure) * nozzle speed + ε 

0.786 

9 Strand width = β0+ β1 * extrusion pressure + β2 * SQRT(nozzle speed) + β3 

*extrusion pressure * SQRT(nozzle speed) + ε 

0.863 

10 Strand width = β0+ β1 * SQRT(extrusion pressure) + β2 * SQRT(nozzle speed) + 

β3 *SQRT(extrusion pressure) * SQRT(nozzle speed) + ε 

0.860 

 

 

Of the different nonlinear models fitted “β0+ β1 * Log (extrusion pressure) + β2 * nozzle 

speed + β3 * Log (Extrusion pressure) * Nozzle speed + ε” provided the best R-squared value. 

The prediction expression for the chosen model with the intercepts is given in Equation 2. 

 

𝑆𝑡𝑟𝑎𝑛𝑑 𝑤𝑖𝑑𝑡ℎ = 368.168 + 132.7032 ∗  extrusion pressure –  368.449 ∗

 Log (nozzle speed) − 798.53 ∗ [(extrusion pressure –  0.445) ∗  Log(nozzle speed)]    Equation 2 

 

 

           In order to ensure the validity of the predictive model, a validation study was 

conducted using a different set of parameters within the design space. The experimental 

CAD model (Figure 2) was 3D bioplotted with nozzle speed of 0.9 mm/sec and extrusion 

pressure of 0.35 N/mm2, and the strands were measured as described in section 2.2.2. The 
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measured strand width was 412.34 ± 23.64 µm. The strand width predicted using Equation 

2 was 428.02 µm. The error was within 3.8% of the actual experimental result, thereby 

proving that the predictive model is in good agreement with actual results. With this model, 

the user can now estimate the levels of nozzle speed and extrusion pressure required to 3D 

bioplot a scaffold of chosen strand width. 

 

2.4. Chapter Summary 

The general workflow for fabricating a structure with 3D bioplotter and experimental 

approach investigating the relationship between process parameters and strand width for PCL 

was described in this chapter. A screening study was first performed prior to the factorial DOE 

to establish the feasible range of levels for extrusion pressure and nozzle speed. An 

experimental CAD model incorporating lay orientation and strand length was 3D bioplotted 

with 16 different combinations of extrusion pressure and nozzle speed. The strand width was 

measured using digital microscopy, and effects of the four factors (extrusion pressure, nozzle 

speed, lay orientation and strand length) and their interactions on strand width were analyzed 

using ANOVA. The effects of extrusion pressure, nozzle speed and their interaction were 

found to be statistically significant (α = 0.05). Finally, a predictive model was developed with 

these two factors and their interaction to estimate the strand width of 3D bioplotted PCL 

structures. 
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CHAPTER 3: EFFECTS OF 3D BIOPLOTTING LAY DIRECTION ON 

TENSILE PROPERTIES 

 

3.1. Introduction 

The architecture (pore size, porosity) and mechanical properties of scaffolds are critical 

to their biomedical function. In order for the scaffolds to be used in the engineering of load-

bearing tissue, it is important for them to possess mechanical properties comparable to the 

native tissue [46,58].  For example, a scaffold to be used in bone defects, may require 

anisotropic and heterogeneous mechanical properties [13]. The mechanical properties of the 

scaffold in turn depend on its geometry, internal architecture as well as processing methods.   

In the previous chapter, we had investigated the relationship between 3D Bioplotting 

parameters and bioplotted strand geometry. In this chapter, we will investigate the relationship 

between 3D Bioplotting parameters and mechanical properties of bioplotted PCL.  

Mechanical properties of polymers vary with processing method, for example, 

mechanical strength of parts manufactured through injection molding and extrusion is usually 

greater than that of parts processed using AM [57,59]. Mechanical properties of structures 

fabricated using AM processes such as SLS, FDM, and 3DB are generally anisotropic [53,60–

62], i.e. direction dependent. This directional dependency arises due to poor interlayer 

adhesion that occurs as a result of layered deposition of material. The polymer molecules 

between layers do not completely fuse together, resulting in decreased mechanical strength 

[63]. Further, the mechanical properties are also affected by the lay pattern of the strands 

[53,63]. In case of FDM and 3DB processes, the lay pattern is dictated by the strand lay 

orientation and inter-strand spacing. The lay pattern can affect the mechanical properties due 
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to the differences in bonding strength. The bonding strength between the molecules within the 

strand are generally stronger than bonding of molecules between strands. There is a significant 

relationship between direction load application and lay orientation of the strands as shown in 

the literature [53,57,60,64].  

The differences in mechanical properties of FDM structures with changes in the lay 

pattern have been investigated extensively in the literature. For instance, Ahn et al. have 

examined the differences in tensile strength of FDM processed ABS parts with changes in 

levels of process parameters such as raster orientation, air gap, and temperature [53]. Eshraghi 

et al. have documented the differences in the mechanical properties of PCL processed using 

SLS with changes in process parameters [57]. They determined the tensile and compressive 

properties of bulk and porous PCL specimens fabricated with two different lay orientations 

and three levels of porosity. In the context of their study, bulk refers to specimens fabricated 

with solid gage sections, i.e. adjacent strands placed next to each other with no inter-strand 

separation. It is important to determine the mechanical properties of bulk structures as it will 

serve as a standard of comparison, for characterization studies on mechanical properties of 

materials processed using AM processes. 

Mechanical characterization studies on polymers processed using 3DB are very limited 

when compared to other AM processes. In a step toward characterization of mechanical 

properties of 3D bioplotted polymers, this chapter presents the methods used to determine 

tensile properties of 3D bioplotted PCL with two different strand orientations and the results 

and analysis. Two strand orientations chosen were 0° (strand axis parallel to the axis of pull) 

and 90° (strand axis perpendicular to the axis of pull). These two levels were chosen due to the 

prevalence of their use in scaffold fabrication [41,43,65,66]. Tensile strengths at yield and 
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fracture, and the elastic modulus of the specimens with different strand orientations were 

determined and compared. 

 

3.2 Materials and Methods 

3.2.1. 3D Bioplotting of Bulk PCL Tensile Specimens 

The tensile test specimens were designed as per ASTM D638 – 10 (Std. Plastics - type 

4 -non-rigid plastics) specimen geometry in SOLIDWORKS (Figure 5). The solid model was 

saved in STL file format and imported into the Bioplotter RP for slicing and platform 

positioning. The layer height for slicing was set to 0.26 mm. The sliced model was then 

processed using the VisualMachines to generate CAM data necessary to drive the Bioplotter. 

Strand lay down orientation was set to 0° for the parallel configuration and 90° for the 

perpendicular configuration. The pressure was set to 0.5 N/mm2 and nozzle speed was set to 

1.4 mm/sec. The inter-strand spacing was set to 0.331 mm for the perpendicular configuration 

and 0.315 mm for the parallel one. The specimens were 3D bioplotted using (Ø 300 µm) nozzle 

with the temperature set to 120◦C. Three samples were fabricated for each configuration (n=3). 
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Figure 5: Tensile specimen- ASTM D638 – 10 type 4 (all dimensions in mm) 

  

3.2.2. Metrology 

Post-fabrication all the specimens were subjected to metrology of gage width and gage 

thickness to determine the gage area of cross-section. The measurements were made using a 

digital caliper.  

 

3.2.3. Tensile testing 

The specimens (n = 3/lay orientation) were tested in tension on an ATS 1605C 

universal tester with a 20 lb load cell. The specimens were loaded and held in place using a 

steel jaw grip as shown in Figure 6. The displacement of the crosshead was controlled 

electronically and was set to 50mm/min. Each specimen was loaded to failure. The load versus 

displacement curves were used to compute the corresponding stress versus strain curves for 

the specimens. The slope of the curve below the yield point is reported as elastic modulus, the 
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0.2% strain offset of maximum stress endured by a specimen as the tensile strength at yield, 

and the stress endured during fracture as the fracture strength. 

 

 

Figure 6: Setup - tensile testing  

3.2.4. Statistical Analysis 

 Statistically significant differences in elastic modulus, tensile strength at yield and 

fracture between 0° and 90° lay orientations were determined using student t-tests at a 

significance level of α = 0.05 (JMP Pro). 

 

3.3. Results and Discussion 

The tensile properties of solid PCL reported in the literature by manufacturers and 

researchers are presented in Table 8. Like any polymer, tensile properties of PCL vary with 

molecular weight [67,68] and level of compaction [69,70] . The level of compaction depends 

on fabrication method and associated process parameters, For instance, the level of compaction 

is generally higher in injection molding, and the corresponding elastic modulus of injection 
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molded PCL is noted to be higher than other processes. The elastic modulus of PCL increases 

with increasing molecular weight. 

 

Table 8: Tensile properties of PCL reported in literature 

Reference 
Fabrication 

method 
Geometry 

Elastic 

modulus 

(N/mm2) 

Yield 

strength 

(N/mm2) 

Molecular 

weight (Mw) 

Perstorp [71] 
Injection 

molding 
n/a 430 17.5 84500 

Absorbables [72] n/a n/a 241.3 20.6 75000 

Sigma Aldrich [73] n/a n/a 261.4-400 18.6-36.5 43000-80000 

Granado et al. [74] 
Injection 

molding 
Sheet 300 14 80000 

Engelberg et al. [75] 
Compression 

molding 
Sheet 400 16 72500 

Pitt et al. [76] Melt extruding 
Dumbbell 

shaped capsule 
264.8 n/a 84500 

Tan et al. [77] Electospinning Single fiber 120 13 80000 

Wong et al. [78] Electospinning Sheet 237 14 80000 

Lee et al. [79] Electospinning Nonwoven Mat 331 56 80000 

Eshraghi et al. [57] SLS 
Bulk - solid 

gage (0°) 
363.4 8.2 73000 

Eshraghi et al. [57] SLS 
Bulk - solid 

gage (90°) 
343.9 10.1 73000 
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As previously discussed in section 3.1 with limited literature available on 3D bioplotted 

polymers, it is necessary to characterize tensile properties of PCL processed using 3DB and 

understand its relationship with process parameters. Therefore, bulk 3D bioplotted specimens 

were fabricated with two different lay orientations and subjected to mechanical testing.  A 

representative sample of the 3D bioplotted tensile specimens of both orientation levels, used 

for tensile characterization is shown in Figure 7.   

0° Lay 

Orientation 

 
 

90° Lay 

Orientation 

 
Figure 7: 3D Bioplotted tensile specimens 

 

  The gage width was 5.95 ± 0.1 mm and 5.91 ± 0.1 mm for the of 0° and 90° lay 

orientations, respectively. The gage thickness was 3.15 ± 0.01 mm and 3.19 ± 0.01 mm for the 

0° and 90° lay orientations, respectively. These measurements indicate low variability between 

the macro-geometry of the 3D bioplotted specimens. 

Stress versus strain plot obtained from the tensile test of three samples of each lay 

orientation is presented in Figure 8. The trends observed for strain less than 1.0 are similar to 

characteristics observed for a viscous polymer. The tensile properties of the specimens such as 

yield strength, fracture strength, and the elastic modulus determined from the plots and are 
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presented in Table 9. The stress-strain plots for the 0° and 90° lay orientations specimens are 

presented separately in Figures 9 and 10. As seen from the plot, when the specimen in both 

orientations started to yield, the stress dropped, but the time to fracture was relatively quick 

for the specimens of 90° lay orientation. The continuous short peaks and valleys observed in 

the 0° specimens (Figure 9) after a strain of 1.0 can be attributed to the intermittent plastic 

deformation of individual strands in the specimens. This phenomenon was not observed with 

the 90° specimens. 
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Figure 8: Stress versus strain of 3D bioplotted bulk tensile specimens (0° and 90°) 
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Figure 9: Stress versus strain (0° lay orientation) 

 

 

Figure 10: Stress versus strain (90° lay orientation) 
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Table 9: Tensile properties of 3D bioplotted bulk tensile specimens 

 

 

 

Student t-test results indicate that the elastic modulus, yield strength, and fracture 

strength were all statistically significantly different (p < 0.05) between the 0° and 90° 

specimens indicating that the lay orientation has a significant effect on tensile properties of 3D 

bioplotted PCL. The specimens with 0° lay orientation had higher values for all three tensile 

properties. This can be attributed to the differences in material bonding strength between 

strands and within the strand. 

 In the case of 0° lay orientation, the tensile stress acted parallel to the longitudinal axis 

of the strands. The load was borne by the cross-sections of individual strands. Whereas in the 

case of 90° lay orientation, the tensile load acted perpendicular to longitudinal strand axis and 

was borne by interfacial surface area of adjacent individual strands in the gage cross-section. 

These results indicate that the bonding strength of PCL molecules within the strands was higher 

than the inter-strand bonding strength. This decrease in bonding strength between strands can 

be attributed to the nature of the 3DB process. Inter-strand bonding strength is the strength of 

interfacial adhesion between strands. As a molten strand is dispensed over or adjacent to 

already solidified strands at room temperature, the time of fusion between the molecules 

between the two strands is shorter, causing a reduction in the area of boundary layer infusion. 

This leads to weaker interfacial adhesion resulting in a reduction the tensile properties. This 

Lay orientation 
Elastic Modulus 

(N/mm2) 

Yield strength 

(N/mm2) 

Fracture 

strength 

(N/mm2) 

0° 63.30 ± 3.64 13.40 ± 0.46 6.79 ± 0.66 

90° 43.89 ± 1.01 8.88 ± 0.67 4.15 ± 0.57 
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difference in the strength between lay orientations can be utilized to fabricate scaffolds for 

tissues that require anisotropy. 

3.4. Chapter Summary 

 The tensile properties of 3D bioplotted PCL were characterized in this chapter. 

Standard tensile specimens (ASTM 638) of PCL were bioplotted with two different strand lay 

orientations (0° and 90°) and their yield strength, fracture strength and elastic moduli in tension 

were determined and compared. Results show that the strand lay orientation has a statistically 

significant effect (p<0.05) on tensile properties. 
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CHAPTER 4: DEVELOPMENT OF FINITE ELEMENT MODEL FOR 

PORUS 3D BIOPLOTTED PCL 

 

4.1. Introduction 

To satisfy their function, scaffolds must possess sufficient mechanical strength as well 

as high porosity to allow nutrient and gas flow. AM processes have enabled fabrication of such 

porous scaffolds with a higher degree of control. The mechanical properties of scaffolds can 

be catered to the application by controlling the geometry and process parameters.  

Several studies have investigated the optimal design of scaffold pore architecture to 

support growth and maturation of specific cell types [80–82]. While porosity is an important 

factor, mechanical properties are equally important, especially for load bearing tissues such as 

bone and cartilage which experience complex loading conditions. The forces that these tissues 

experience may act in multiple directions coupled with rotational components and can also be 

cyclic in nature. Once implanted, the cell-seeded scaffold must possess sufficient mechanical 

strength to withstand these stresses. Testing individual scaffolds prior to implantation by 

simulating the complex loading conditions is difficult and may require complex robotic 

systems. One strategy to overcome this difficulty is to computationally determine the 

mechanical properties through tools such as finite element (FE) analysis that can virtually 

simulate the loading conditions.  

FE modeling and analyses are being used to predict the mechanical properties of  

scaffolds prior to fabrication. Using this approach, the changes in mechanical properties can 

be predicted in response to manipulations in the scaffold design. Design features such as strand 

geometry, inter-strand spacing can be altered and the simulation model rerun until the required 
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properties are achieved. Wettergreen et al. have demonstrated the use of such an FE model in 

predicting mechanical properties of a scaffold assembled with blocks of repeatable units, which 

could be altered to satisfy the mechanical requirements [83].    

Though FE modeling provides an easier alternative to physical testing, the accuracy 

of the model has to be experimentally validated. Williams et al. found that the moduli predicted 

by their FE model were 50% less than the experimental moduli of SLS-fabricated PCL 

scaffolds [59]. On contrary, Luxner et al. found that their FE predictions were comparable to 

experimental moduli for certain structures and over-predicted for others [84].  

FE models of porous PCL structures fabricated using SLS have been developed and 

experimentally validated [57,59,64]. However, similar literature is not available for bioplotted 

PCL and needs to be developed. This chapter presents the methods used to develop and validate 

a FE model for bioplotted porous PCL structures with an inter-strand spacing to strand width 

ratio of 1:1.  

 

4.2. Materials and Methods 

4.2.1. CAD Modelling of Porous Specimen 

The CAD geometry for the FE model was designed in SOLIDWORKS. First, a CAD 

model was created as a rectangular bar with a length of 33 mm and cross-section of 36 x 3.2 

mm, reflecting the gage section of the ASTM-638 tensile specimen. This file was imported as 

an STL into Bioplotter RP and sliced into 13 layers. The sliced file was then imported to 

VisualMachines to assign internal geometry for the layers. Strand lay orientation was set to 

alternate 0°/90°. The inter-strand spacing was set to 0.66 mm for the 0° lay orientation layers 

and 0.63 mm for the 90° ones, to reflect the strand width deviations observed in chapter 2. The 
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specimen was 3D bioplotted with a pressure of 0.5 N/mm2, nozzle speed of 1.4 mm/sec and 

with the temperature set to 120°C.  

The strand width, strand thickness, and inter-strand spacing in the 3D bioplotted 

specimen were measured using a digital microscope (100X magnification). Based on the 

physical measurements, a CAD model of the porous specimen was constructed in 

SOLIDWORKS to replicate the internal architecture and geometry of this porous 3D 

bioplotted PCL specimen.  

  

4.2.2. Finite Element Modelling 

FE analyses was performed in ANSYS (Ansys inc, Canonsburg, PA) with the PCL 

structure defined as a static structural model. The first module in ANSYS corresponds to the 

material properties. The material category was set to isotropic elasticity. The properties for 

PCL that were inputted into the engineering data module are listed in Table 10.   

 

Table 10: Properties of Polycaprolactone - FE model inputs 

Material Polycaprolactone 

Density (g/cm3) 0.316 

Elastic modulus (N/mm2) 58.14 

Poisson's ratio 0.3 

Tensile strength (N/mm2) 12.60 

Bulk modulus (N/mm2) 48.45 

Shear modulus (N/mm2) 22.36 

 

The density of PCL was estimated using the following procedure. PCL strands (n = 12) 

of 30mm length were bioplotted with a 0.3 mm nozzle, and strand dimensions were measured 

and the strand volume calculated. The strands were individually weighed using a digital 
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precision balance, and their density was calculated by dividing the weight by volume.  The 

Poisson's ratio was assumed to be 0.3 based on literature [57,59]. The elastic modulus and 

tensile strength were an average of the values calculated for tensile specimens of 0° and 90° 

configurations in chapter 3.  Bulk and shear modulus were calculated automatically by the 

program using the input data. 

The second ANSYS module corresponds to the geometry of the structure. IGES file 

was imported into ANSYS geometry module and a FE model was generated. The model was 

meshed using curvature controlled triangular elements with a minimum edge length of 

0.003mm. The model was then imported to the setup module to specify analysis setting and 

loading conditions. 

A displacement step function corresponding to 50mm/min displacement was applied 

on one end of the specimen structure while the other end was constrained using fixed support. 

These conditions simulate the cross-head movement observed during the experimental tensile 

testing as discussed in Chapter 3. The model was then solved to estimate equivalent stress (von 

Mises). Using the probe tool, the reaction force (FR) and effective strain (εA) were determined 

for the fixed end. The effective elastic modulus of the porous model was determined by 

substituting FR and εA along with total cross section area (A) in Equation 3 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =  
𝐹𝑅 

𝐴 ×  𝜀𝐴
 

Equation 3 

 

4.2.3. 3D Bioplotting and Tensile Testing of Porous Specimens for FE Model Validation 

Porous test specimens were bioplotted with the CAD geometry that was used for the 

bulk testing specimens. The strand lay orientation was set to alternating 0°/90° lay orientation 

and the inter-strand spacing was set to 0.66 mm for the 0° orientated layers and 0.63 mm for 
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the 90° ones. The specimens (n = 3) were bioplotted with a temperature set to 120°C, extrusion 

pressure of 0.5 N/mm2, and nozzle speed of 1.4 mm/sec with a Ø 300 µm nozzle. 

 Tensile testing was performed following the procedure outlined in Section 3.2.4. The 

cross-section was imaged using a digital microscope (150X magnification Hirox) and the area 

was calculated by summing the individual cross-sectional areas of the strands in 0° lay 

orientation. 

  

4.3. Results and Discussion 

The porous 3D bioplotted specimen that the CAD model was based on is shown in 

Figure 13 along with representative cross-sectional images. White boxes seen in the figure are 

artifacts created due to the reflection of light. The specimen was cut at midplanes of X-X’ and 

Y-Y’ axis and subject to metrology of the strand width and strand lay pattern across layers. 

The lay of the strands, particularly at ends of the specimen where the strands follow a curved 

path, was measured carefully for the radius of curvature (Figure 11).  
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Figure 11: Porous 3D bioplotted specimen used for CAD modeling 

 

The strand architecture and geometry across layers was documented and replicated in 

the CAD model used for the FE analysis as shown in Figure 12. The bottom layer was designed 

to be rounded rectangle exacting the geometry of the actual 3D bioplotted specimen to account 

for the compression observed in the first layer of any bioplotted structure. The part was then 

cut to a length of 21.32 mm to simplify the boundary conditions for FE model computations. 

The IGES model was imported to ANSYS Mechanical APDL and was meshed using triangular 

elements (Figure 13). The mesh was generated with curvature control and medium smoothing. 

The final meshed model contained 2,045,737 triangular elements and 3,424,882 nodes. 
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Figure 12: CAD model of porous specimen (all dimensions in mm) 

 

  

 

Figure 13: Finite element model constructed with triangular mesh elements 
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Results from the equivalent stress computation are shown in Figure 14. The observed 

stress distribution was similar to the FE models of similar porous specimens fabricated using 

SLS [57,64]. The magnitude of the stress observed was higher along the strands parallel to the 

axis of pull. Further, to analyze the stress distribution across the layers of the model, a cross-

sectional view was created at the midpoint of the model’s longitudinal axis. Using the probe 

tool, the stress was determined for every layer of the model. The probe locations and 

corresponding stresses in the 0° and 90° orientated layers are shown in Figure 15. 
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Figure 14: Equivalent stress-computational 

(a) Stress distribution viewed in X-Y plane, (b) Stress distribution viewed in Z-X plane, (c) Stress distribution viewed in 

cross-section at the midpoint of X-axis of the structure, (d) Stress distribution in isometric view (magnified) 
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Figure 15: Equivalent stress – computational, across layers at the cross-section of the model 

 

 The average stress in the 0° and 90° orientated strands was 16.57 N/mm2 and 1.36 

N/mm2 respectively. The 0° oriented strand bore the majority of the load due to the model 

geometry and direction of applied load. It can be inferred from the above results that the load 

transfer between the strands in 0° to 90° orientation was minimal. At the fixed end, the reaction 

force (FR) was 113 N and the corresponding strain was 0.592. The area of the cross-section (A) 

at the fixed end was 5.09 mm2. The effective elastic modulus of the model calculated using 

Equation 3 with the above inputs was 37.51 N/mm2.  

The 3D bioplotted porous tensile specimen with 1:1 inter-strand spacing to strand width 

that was subject to physical tensile testing is shown in Figure 16. The samples were subject to 

dimensional measurement of gage section and examined for visual defects. The gage cross 

section was fairly consistent and the specimens had no visual defects. A representative image 

used in the determination of effective area is shown in Figure 17.  The effective area used for 

the stress calculation was limited to the cross-sectional area of strands oriented parallel to the 

direction of the tensile force. Owing to the porosity of the specimen, stress primarily acts on 
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the cross-section strands oriented along the direction of loading. Hence, the area used for 

determining stress from the load versus displacement plot was the sum of the individual areas 

of cross-section of the strands oriented parallel to the direction of pull (0° orientation). 

 

 
Figure 16: 3D bioplotted porous tensile specimen 

 

 
Figure 17: Cross-section of the porous specimen. Effective area = sum of cross-sectional area of 

all individual strands oriented parallel to the direction of pull, (0° Lay orientation). 

 

Tensile stress vs strain curve obtained for the porous specimens are shown in Figure 

18. Intermittent plastic deformation was observed in strands parallel to the direction of loading, 

similar to observation made in tensile testing 0° orientated bulk PCL specimen. The tensile 

stress at yield and fracture were 8.07 ± 0.20 N/mm2 and 3.83 ± 0.16 N/mm2. The elastic 

modulus was 34.63 ± 3.68 N/mm2.   
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Figure 18: Stress versus strain for porous tensile specimens 

 

The tensile properties of porous specimens underwent a significant reduction relative 

to the properties observed in bulk specimens. A comparison of their tensile properties is 

presented in Figure 19. On average, the tensile properties of the porous specimen were 44% 

and 13% less than the tensile properties of bulk specimens with 0° and 90° strand lay 

orientations, respectively. A similar phenomenon was observed by Eshraghi et al. in their study 

on the comparison of elastic moduli of bulk and porous PCL specimens fabricated using SLS. 

They reported a 40% reduction in the elastic modulus of porous specimens when compared to 

bulk specimens.  
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Figure 19: Comparison of experimental tensile properties of bulk and porous specimen. Error 

bars denote standard deviation (n=3). 

 

 

 Comparison of the results from experimental testing and the FE model showed that the 

computed effective elastic modulus was in good agreement with the experimental modulus. 

Computed modulus was 8.33% higher than the elastic modulus determined experimentally; 

much higher differences have been reported on FE models of additive manufactured parts 

[57,64,84]. For instance, Cahill et al. observed a 67% over-prediction in their FE-computed 

modulus of porous PCL scaffolds fabricated using SLS.  Eshraghi et al. have reported an FE 

over-prediction of 30% in SLS-fabricated PCL specimens. Both the studies attribute the 

differences observed to the micro defects in the fabricated structures and packing density of 

the powder bed used in SLS. The %error is much lower in 3DB due to the absence such 

shortcomings that are associated with powder-based fabrication.  
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Although our FE model gives a good estimation of the PCL modulus, it can be further 

improved by better replicating the input physical geometry as input and using experimentally 

determined Poisson’s ratio. The input geometry used for our FE model was designed with 

strands of uniform cross-section with the ends designed to follow a constant radius of 

curvature. In the bioplotted specimen, however, the strands cross-section is not perfectly 

uniform, and especially at the curved ends (Figure 11). Furthermore, in the FE model, the 

interfacial bonding between the strands in the different layers was designed to overlap by a 

constant thickness of 0.03 mm. In the bioplotted specimen, the weldment between the layers 

is not uniform and the integrity of the interfacial bonding between layers depends on boundary 

layer fusion of PCL molecules in the strand being dispensed and the layer beneath. This 

interfacial bonding strength is material specific and is affected by various factors such as the 

temperature of the strand being dispensed, temperature of the layer beneath, temperature of the 

environment, and the nozzle speed. In a step towards that direction, image based FE methods 

such as micro-computed tomography (µCT) can help capture these small structural deviations, 

and  can be further used for stress determination. Last but not the least, the Poisson’s ratio was 

assumed to be 0.3 in our model, but the actual value is dependent on the manufacturing process 

and will have to be determined for bioplotted PCL.  

4.4. Chapter Summary 

 A FE model was developed for 3D bioplotted porous PCL structures in this chapter. 

Tensile properties of a porous structure were determined experimentally and were compared 

to those of bulk specimens from Chapter 3 and were found to be lower in comparison. The 

effective modulus computed through FE model was in good agreement to the modulus 

determined experimentally.  
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS FOR 

RESEARCH 

 

 This chapter presents a brief summary of this thesis and discusses potential directions 

for future research. 

5.1. Conclusions 

 The primary contribution of this thesis is the established relationships between some of 

the important process-structure interactions in 3D bioplotted PCL (Mw: 45 kDa). Critical 3D 

bioplotting parameters were identified and mapped to geometry and tensile properties of 3D 

bioplotted PCL structures. In addition, an FE model was developed to estimate the modulus 

and stress distribution in 3D bioplotted porous PCL structures.  

 An experimental methodology was established to investigate the relationships between 

3DB process parameters (extrusion pressure, nozzle speed, lay orientation and strand length) 

strand width. Of the parameters investigated, extrusion pressure and nozzle speed as well as 

their interaction were found to be statistically significant (p < 0.05). A least square regression 

model was used to develop an equation that could estimate the strand width for given levels of 

extrusion pressure and nozzle speed. A validation of the model was performed which 

demonstrated that the predicted strand width was in good agreement with experimental results. 

This model can be used to estimate the levels of nozzle speed and extrusion pressure required 

for 3D bioplotting scaffolds of a required strand width. This will lead to significant reduction 

in cycle time of designing and fabricating scaffolds with varying internal architecture specific 

to tissue type. This model can be considered as a very relevant step towards optimization and 

automation of TE scaffold fabrication. 
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 Next, tensile properties (elastic modulus, yield strength, fracture strength) of 3D 

bioplotted bulk structures with two different lay orientations (0° and 90°) were characterized. 

The results show that the lay orientation had a statistically significant effect (p < 0.05) on the 

tensile properties. The tensile properties determined can aid in the engineering of scaffolds 

with mechanical properties comparable to native tissue. 

  Finally, an FE model was developed for a porous 3D bioplotted specimen and the 

results were validated with experimental testing of corresponding specimens. The results show 

that the effective modulus computed from the FE model was comparable to the experimental 

elastic modulus (error = 8.33%). The results from the experimental testing show that the tensile 

properties of the porous specimens were lower than those of bulk specimens of both 

orientations.  

 Design requirements of scaffolds used in TE applications are usually specified by their 

level of porosity and the mechanical properties. This thesis provides researchers with a tool to 

computationally estimate the tensile properties of a scaffold of a certain design. Based on the 

results from the FE model, users can determine appropriate strand width that would allow the 

scaffold to satisfy the strength requirements. Then the 3DB parameters can be estimated from 

the predictive expression to fabricate strands of the required width, thus enabling optimization 

of scaffold design without physical testing. Further, this approach has the potential to simplify 

and reduce non-value added activities involved in scaffold fabrication thereby reducing the 

cycle time. Overall, for researchers in the field of scaffold-based TERM, this thesis provides a 

model mapping the 3DB process parameters to structural and mechanical properties of PCL 

scaffolds. Methods used in this thesis can be applied to study process-structure interactions of 

any additive manufactured polymers.   
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5.2. Future Directions 

The experimental analyses and models developed in this thesis were primarily centered 

on 3D bioplotted PCL (MW  = 43-50 kDa), and a few important process-structure interactions 

were studied. Nevertheless, there are opportunities to explore more interactions, understand 

relationships between a variety of other process parameters and their effects on bioplotted 

biomaterials. Some of the possible future directions are discussed in rest of this section. 

 

5.2.1. Inclusion of More Parameters 

This study focused on understanding the relationship between 3DB extrusion pressure, 

nozzle speed, lay orientation, and strand length on the strand width at an extrusion temperature 

of 120 °C and a nozzle with Ø = 300µm. A previous thesis had found the extrusion temperature 

and nozzle Ø to have a significant effect on scaffold characteristics [42]. One next step is 

creating a comprehensive model that can account for the effects of all important process 

parameters. Furthermore, such models can also be created for PCL of different molecular 

weights.  

 

5.2.2. Tensile Testing of Bulk PCL with Other Strand Lay Orientations 

The tensile characterization of bulk PCL structures performed in this study was 

restricted to two strand lay orientations (0° and 90°). Although these two orientation are most 

commonly used, scaffolds with other lay orientations such as 45° and 135° are also being 

widely investigated [8,85–87]. Characterizing the mechanical properties of bulk PCL 

structures with these other orientations would be very valuable to understand the effects of the 
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interlayer adhesion on tensile properties. Further, testing of bulk structures with layers of 

alternating lay orientations can also be a part of that study. Documenting these relationships 

between mechanical properties and lay orientations can serve as a very valuable resource for 

researchers, and may also aid in choosing an optimal design of scaffold specific to an intended 

TERM application. 

 

5.2.3. FE Model Refinement and Testing Different Loading Conditions 

The FE model developed here can be refined further by incorporating the changes 

suggested in Section 4.3. The loading condition used in this model was a simple axial strain. 

However, implanted scaffolds can experience complex loading conditions and the load is often 

cyclic in nature [46,88,89]. In future  studies, the FE model can be updated to simulate such 

loading conditions by applying a cyclic load and solving to determine characteristics of fatigue 

stress. Other combinations of forces can also be simulated with the FE model by adding 

appropriate loading conditions and solving the model utilizing the dynamic structural testing. 

For example, for an FE simulation of an osteogenic scaffold, a combination of compressive 

force with a twisting moment can be applied cyclically and the resultant stresses can be 

determined. ASTM standards for compression testing porous implants recommend simulation 

of in vivo conditions during testing [90]. Hence, it is necessary to create an environment 

simulating the physiological conditions for both computational and physical testing. 

Environmental conditions experienced by scaffolds, such as a temperature of 37°C and blood 

flow, can be integrated into in the FE model to make the analyses more relevant.  

 



 

56 

5.2.4. Modeling Effects of Material Composition on Process-Structure Interactions 

 The methods used in this thesis can be applied to characterize other 3D bioplotted 

polymers and composites. Polymer blends and composites are being widely used for TERM 

scaffolds. For example, composites of PCL with tricalcium phosphate (TCP) are being used to 

fabricate scaffolds that promote stem cell differentiation [91,92]. Mellor et al. have studied the 

effects of different composition ratios of PCL-TCP on osteogenesis and chondrogenesis of 

human adipose-derived stem cells [91]. If such scaffolds are to be 3D bioplotted in future, the 

process-structure interactions with varying levels of additives like TCP have to be modeled. 

The volume of additive can be included as a factor in the experimental design and its effect on 

geometry and mechanical properties of scaffolds can be modeled. 
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Appendix A: Strand width measurements for combinations of extrusion pressure, 

nozzle speed, lay orientation and strand length.  

 

Extrusion 

pressure 

(N/mm2) 

Nozzle 

speed 

(mm/sec) 

Lay 

orientation 

(°) 

 

Strand 

length 

(mm) 

Average Stand 

Width (µm) 

0.3 1.4 0 10 241 ± 22 

0.3 1.4 0 20 254 ± 69 

0.3 1.4 0 30 303 ± 93 

0.3 1.4 90 10 377 ± 78 

0.3 1.4 90 20 399 ± 70 

0.3 1.4 90 30 373 ± 80 

0.3 1.4 135 10 327 ± 95 

0.3 1.4 135 20 335 ± 102 

0.3 1.4 135 30 365 ± 118 

0.3 1.4 45 10 323 ± 78 

0.3 1.4 45 20 340 ± 94 

0.3 1.4 45 30 335 ± 117 

0.4 1.4 0 10 224 ± 17 

0.4 1.4 0 20 240 ± 20 

0.4 1.4 0 30 236 ± 18 

0.4 1.4 90 10 271 ± 30 

0.4 1.4 90 20 299 ± 56 

0.4 1.4 90 30 302 ± 93 

0.4 1.4 135 10 292 ± 68 

0.4 1.4 135 20 322 ± 91 
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0.4 1.4 135 30 386 ± 109 

0.4 1.4 45 10 337 ± 48 

0.4 1.4 45 20 373 ± 86 

0.4 1.4 45 30 371 ± 66 

0.49 1.4 0 10 268 ± 16 

0.49 1.4 0 20 281 ± 19 

0.49 1.4 0 30 324 ± 64 

0.49 1.4 90 10 297 ± 35 

0.49 1.4 90 20 296 ± 32 

0.49 1.4 90 30 335 ± 79 

0.49 1.4 135 10 309 ± 32 

0.49 1.4 135 20 318 ± 22 

0.49 1.4 135 30 353 ± 65 

0.49 1.4 45 10 296 ± 34 

0.49 1.4 45 20 332 ± 45 

0.49 1.4 45 30 411 ± 74 

0.59 1.4 0 10 384 ± 84 

0.59 1.4 0 20 312 ± 60 

0.59 1.4 0 30 338 ± 37 

0.59 1.4 90 10 316 ± 33 

0.59 1.4 90 20 347 ± 82 

0.59 1.4 90 30 377 ± 104 

0.59 1.4 135 10 306 ± 12 

0.59 1.4 135 20 290 ± 15 
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0.59 1.4 135 30 314 ± 28 

0.59 1.4 45 10 321 ± 38 

0.59 1.4 45 20 335 ± 55 

0.59 1.4 45 30 382 ± 81 

0.3 1 0 10 286 ± 31 

0.3 1 0 20 306 ± 35 

0.3 1 0 30 321 ± 51 

0.3 1 90 10 520 ± 18 

0.3 1 90 20 492 ± 18 

0.3 1 90 30 463 ± 44 

0.3 1 135 10 318 ± 28 

0.3 1 135 20 328 ± 43 

0.3 1 135 30 375 ± 56 

0.3 1 45 10 461 ± 63 

0.3 1 45 20 438 ± 105 

0.3 1 45 30 451 ± 90 

0.4 1 0 10 359 ± 78 

0.4 1 0 20 342 ± 65 

0.4 1 0 30 357 ± 48 

0.4 1 90 10 362 ± 67 

0.4 1 90 20 366 ± 88 

0.4 1 90 30 434 ± 92 

0.4 1 135 10 339 ± 21 

0.4 1 135 20 335 ± 111 



 

72 

0.4 1 135 30 336 ± 31 

0.4 1 45 10 367 ± 50 

0.4 1 45 20 378 ± 75 

0.4 1 45 30 425 ± 85 

0.49 1 0 10 361 ± 31 

0.49 1 0 20 376 ± 32 

0.49 1 0 30 405 ± 45 

0.49 1 90 10 421 ± 35 

0.49 1 90 20 411 ± 31 

0.49 1 90 30 426 ± 84 

0.49 1 135 10 394 ± 41 

0.49 1 135 20 408 ± 25 

0.49 1 135 30 425 ± 40 

0.49 1 45 10 395 ± 26 

0.49 1 45 20 418 ± 62 

0.49 1 45 30 491 ± 60 

0.59 1 0 10 414 ± 48 

0.59 1 0 20 420 ± 38 

0.59 1 0 30 440 ± 38 

0.59 1 90 10 437 ± 13 

0.59 1 90 20 462 ± 29 

0.59 1 90 30 494 ± 61 

0.59 1 135 10 424 ± 37 

0.59 1 135 20 417 ± 44 
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0.59 1 135 30 427 ± 67 

0.59 1 45 10 451 ± 59 

0.59 1 45 20 436 ± 45 

0.59 1 45 30 494 ± 54 

0.3 0.4 0 10 598 ± 44 

0.3 0.4 0 20 604 ± 55 

0.3 0.4 0 30 629 ± 60 

0.3 0.4 90 10 716 ± 38 

0.3 0.4 90 20 706 ± 31 

0.3 0.4 90 30 702 ± 42 

0.3 0.4 135 10 645 ± 70 

0.3 0.4 135 20 669 ± 56 

0.3 0.4 135 30 668 ± 59 

0.3 0.4 45 10 718 ± 20 

0.3 0.4 45 20 697 ± 31 

0.3 0.4 45 30 688 ± 38 

0.4 0.4 0 10 672 ± 42 

0.4 0.4 0 20 694 ± 90 

0.4 0.4 0 30 742 ± 52 

0.4 0.4 90 10 745 ± 78 

0.4 0.4 90 20 772 ± 81 

0.4 0.4 90 30 763 ± 75 

0.4 0.4 135 10 671 ± 66 

0.4 0.4 135 20 690 ± 79 
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0.4 0.4 135 30 736 ± 103 

0.4 0.4 45 10 767 ± 55 

0.4 0.4 45 20 757 ± 80 

0.4 0.4 45 30 747 ± 83 

0.49 0.4 0 10 752 ± 21 

0.49 0.4 0 20 736 ± 58 

0.49 0.4 0 30 743 ± 34 

0.49 0.4 90 10 784 ± 25 

0.49 0.4 90 20 791 ± 52 

0.49 0.4 90 30 827 ± 85 

0.49 0.4 135 10 758 ± 31 

0.49 0.4 135 20 729 ± 44 

0.49 0.4 135 30 755 ± 72 

0.49 0.4 45 10 781 ± 28 

0.49 0.4 45 20 780 ± 54 

0.49 0.4 45 30 853 ± 53 

0.59 0.4 0 10 832 ± 55 

0.59 0.4 0 20 763 ± 23 

0.59 0.4 0 30 785 ± 42 

0.59 0.4 90 10 788 ± 31 

0.59 0.4 90 20 804 ± 50 

0.59 0.4 90 30 852 ± 78 

0.59 0.4 135 10 791 ± 29 

0.59 0.4 135 20 771 ± 27 
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0.59 0.4 135 30 795 ± 65 

0.59 0.4 45 10 786 ± 21 

0.59 0.4 45 20 799 ± 50 

0.59 0.4 45 30 868 ± 71 

0.3 0.1 0 10 1198 ± 31 

0.3 0.1 0 20 1185 ± 33 

0.3 0.1 0 30 1187 ± 49 

0.3 0.1 90 10 1114 ± 59 

0.3 0.1 90 20 1133 ± 38 

0.3 0.1 90 30 1143 ± 71 

0.3 0.1 135 10 1187 ± 23 

0.3 0.1 135 20 1198 ± 31 

0.3 0.1 135 30 1180 ± 40 

0.3 0.1 45 10 1102 ± 42 

0.3 0.1 45 20 1045 ± 74 

0.3 0.1 45 30 1088 ± 63 

0.4 0.1 0 10 832 ± 14 

0.4 0.1 0 20 763 ± 39 

0.4 0.1 0 30 785 ± 51 

0.4 0.1 90 10 788 ± 90 

0.4 0.1 90 20 804 ± 63 

0.4 0.1 90 30 852 ± 89 

0.4 0.1 135 10 791 ± 25 

0.4 0.1 135 20 771 ± 82 
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0.4 0.1 135 30 795 ± 70 

0.4 0.1 45 10 786 ± 48 

0.4 0.1 45 20 799 ± 91 

0.4 0.1 45 30 868 ± 85 

0.49 0.1 0 10 1605 ± 29 

0.49 0.1 0 20 1594 ± 47 

0.49 0.1 0 30 1586 ± 50 

0.49 0.1 90 10 1584 ± 66 

0.49 0.1 90 20 1592 ± 51 

0.49 0.1 90 30 1613 ± 39 

0.49 0.1 135 10 1588 ± 43 

0.49 0.1 135 20 1604 ± 31 

0.49 0.1 135 30 1602 ± 37 

0.49 0.1 45 10 1565 ± 49 

0.49 0.1 45 20 1530 ± 51 

0.49 0.1 45 30 1521 ± 48 

0.59 0.1 0 10 1604 ± 81 

0.59 0.1 0 20 1598 ± 96 

0.59 0.1 0 30 1613 ± 110 

0.59 0.1 90 10 1570 ± 124 

0.59 0.1 90 20 1577 ± 135 

0.59 0.1 90 30 1569 ± 116 

0.59 0.1 135 10 1581 ± 124 

0.59 0.1 135 20 1600 ± 110 
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0.59 0.1 135 30 1627 ± 101 

0.59 0.1 45 10 1577 ± 110 

0.59 0.1 45 20 1613 ± 96 

0.59 0.1 45 30 1554 ± 115 

 

 

 

 

 

 

 


