
 

Experimental Investigation of Near-Field Deposition for Fabrication of 

Controllable Pattern Scaffolds 

 

 

 

by 

 

 

 

Deepak Parajuli 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the 

degree of Master of Engineering in 

Industrial and Manufacturing Engineering 
 

 

 

 

Examination Committee:  Dr. Pisut Koomsap (Chairperson) 

Dr. Huynh Trung Luong 

Prof. Pitt Supaphol (External Expert) 

 

 

 

 

Nationality:  Nepalese 

Previous Degree:  Bachelor of Engineering in Mechanical 

Engineering 

Meenakshi Academy of Higher Education and 

Research, Chennai, India 

 

Scholarship Donor:  Thailand (HM King) 

 

 

 

 

 

Asian Institute of Technology 

School of Engineering and Technology  

Thailand 

May 2015 

 

 

 
 



ii 

 

ACKNOWLEDGEMENTS 

 

I extend my deepest gratitude to my advisor Dr. Pisut Koomsap whose guidance, valuable advice 

and suggestions helped me a lot during the study period. His guidance will remain helpful 

throughout my career. 

 

I also want to express my gratitude to my examination committee members Dr. Huynh Trung 

Loung and Prof Pitt Supaphol for their continuous academic and moral support. Their helpful 

suggestions and advice also helped in my study and report completion. 

 

Thanks to the Royal Thai Government for the financial support at Asian Institute of Technology. 

 

Thanks to Ms. Eiang and Ms. Tuu for all their advice and many supports. 

 

I would like to give my deep appreciation to all my friends in AIT and IME family for their 

encouragement and support I am thankful to AIT authority for providing nice environment for 

education. 

 

Last but not the least, I would like to express the very gratitude to my beloved family for all their 

supports and encouragements. 

 



iii 

 

ABSTRACT 

 

The field of tissue engineering has developed to meet the tremendous need for organs and tissues. 

In the most general sense, tissue engineering seeks to fabricate, living replacement parts for the 

body. In order to fulfill the cycle of tissue engineering the scaffolds need to introduce which can 

be fabricate via various techniques. However, the scaffold created form these techniques are not 

sufficiently acquired with required properties. Therefore, the concept of integrating of rapid 

prototyping and electrospinning has developed. Furthermore, based on this concepts the machine 

has developed which is known as electrospinning based RP system and it is able to fabricate the 

controllable pattern scaffolds by controlling the appropriated parameters of fiber forming process. 

 

Numerous experiments has been conducted to reduce the diameter of fiber and able to achieved in 

the range of 100-110 µm for single pattern. By varying the certain parameters shows the possibility 

of further improvement in fiber sizes. The study aims to explore these possibilities of further 

improvement in fiber sizes by referring the several techniques form the literature reviews. The 

experiments were conducted by controlling the parameters initial polymer concentration, needle 

size and fabricating conditions. 

 

The experiments result shows that that these parameters has significant effect in fiber sizes. It has 

been proven that the smallest size of fiber can formed at 70% concentration level. Also the 

interesting things was that the fiber formed with blowing the compress air inside the experimental 

zone is suitable to form a fine fiber. In addition, the experiments suggested to use smallest needle 

size to form a fine fiber. At last but not least, the scaffold properties can be improved further by 

increasing the machine performance as well as by adding some suitable additives in solution to 

increase the stiffness of fiber. 

 

Keywords: Electrospinning, Transformation Ratio, Concentration level, Controllable 

pattern, Scaffold 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

The concept and technique of tissue engineering (TE) is applied in the field of medical 

science as a new discipline in human therapy. This approach is used as an alternative of the 

conventional treatment strategies for repairing or replacing of missing or malfunctioning 

human tissue or organs (Vacanti & Vacanti, 2007) that is by the scaffold of natural or 

synthetics biomimetic materials (Yoshimoto et al., 2003).The temporary platform that  is 

created inside the body to support the organ is called scaffold. It is one of the  important 

parts of tissue engineering as it provides a temporary support as well as creates a suitable 

environment with a desirable mechanical support for cell growth and tissue regenerations 

(Annabi et al., 2014).To create such environment, scaffold should possess the minimum 

structural, mechanical, and biological properties such as architecture, porosity, and relevant 

pore size and also the scaffold properties should be maintained until the complete growth or 

regeneration of cells take place and it should vitiate after the cells a reactive (Agrawal et al., 

2009). 

 

There are several techniques to fabricate the scaffold, for example some conventional 

techniques are electrospinning, solvent-casting particulate-leaching, gas forming, and Fiber 

meshes/fiber bonding. However, these processes are influenced by inherent limitations such 

as the little capability to control pore size, pore geometry, spatial distribution of pore and 

construction of internal channels within the scaffold (Yeong et al., 2004) 

 

 
 

Figure 1.1 SEM micrographs of scaffolds from conventional techniques 

 

Electrospinning is one of the conventional techniques to spin polymer fiber in nano scale 

diameter. In this process an electrostatic force is applied between the polymer solution and 

collector plate. A positive terminal of high voltage is connected with metallic needle tip fixed 

in glass syringe, from where the solution is rejected and the fiber is collected on the collector 

plate which is grounded.. A continuous fiber is going to be formed when the electrostatic 

force became greater than the surface tension of the polymer that is placed inside the glass 

syringe (Annabi et al., 2014). If the distance between the needle tip and collector is larger 

than the technique is consider as a conventional electrospinning or Far-field Electrospinning 

(FFES).However, the fiber created from this process is not stable and the instability of jet, 

bending of jet, branching of jet are some of the major problems associated with FFES. 

Therefore near field electrospinning (NFES) has been developed to overcome these 

problems that occur in Far field electrospinning technique (FFES). The main difference 

between these two techniques is in terms of distance between the needle tip and the collector 

plate. However, even NFES technique solves the problems of FFES but this technique also 
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possesses many difficulties in controlling the fiber forming process. There are various 

parameters that need to be controlled with precision to create a good quality fiber According 

to the influence of these parameters in fiber morphology they are categorized in major, 

moderate and minor classes. Such as Stand of Distance applied voltage etc has major 

influence and so the minor fluctuation on theses parameters has big impact on fiber diameter. 

Similarly, polymer solution concentration, solvent vapor pressure these parameters has 

moderate influence and temperature, humidity these are minor influences in fiber 

morphology. (Mitchell et al., 2011) 

 

As aforementioned, the scaffold generated from the conventional techniques is incapable of 

fulfilling the desired properties. Therefore, many researches are being conducted for 

developing the alternatives of these conventional techniques. Rapid Prototyping (RP) 

technique is one of the newly developed and introduced to create scaffolds (Yang et al., 

2002).The benefit of RP over other conventional techniques is the scaffolds are created in a 

controllable manner i.e. the pore can be controlled to make the pattern scaffolds. The general 

model is prepared by using computer-aided design (CAD) software and this CAD model is 

sliced in many layers and by using specific RP technique, the part is fabricated. 

 

 
 

Figure 1.2 SEM micrographs of scaffolds from RP techniques 

 

The various process involve in RP techniques are Selective laser sintering (SLS), 

Stereolithography (SLA),Three dimensional printing (3DP) and Fused Deposition Modeling 

(FDM) and among these techniques FDM has been most popular for fabricating the 

scaffolds. In FDM the nozzle is moved (x-axis and y-axis) discharging the materials which 

is controlled to construct a component layer by layer. This process is repeated to complete 

the component by controlling the movement of z-axis and thus the scaffold fabricated from 

this technique has small pore sizes (Czernuszka & Sochlos, 2003). 

 

1.2 Statement of Problem 

 

The initial investigation was carried out to integrate the electrospinning with FDM in order 

to achieve a scaffold in a controllable manner. (Auyson 2012) The prototype of 

electrospinning-based Rapid prototyping (ESRP) is currently developed on the basis of 

previous investigation and able to generate a fiber diameter between 150-170 μm 

(Chanthakulchan et al., 2015).In addition (Parkhi 2014) started to look into the process 

parameter of existing system to reduce the fiber diameter and he able to reduce the fiber 

diameter between 90-100 μm of single layer scaffold. However, the reduced fiber is not able 

to maintain the same shape all through the process i.e. before deposit in collector and after 

deposit in collector. Ideally, the fiber ejecting from the needle tip is in circular shape and it 

should hold the same shape in the collector. Therefore this statement shows the research gap 

in this field and this research will be focused overcoming these problems to achieve the 

scaffold of small circular shape fiber. 
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1.3 Research Objectives  

 

The main objective of this research is to investigate the influence of governing parameters 

in order to achieve scaffold with controllable pattern of cylindrical shape fine fiber with 

Electrospinning-Based RP technique. 

 

The minor additional amend has been done in the existing design of electrospinning based 

RP technique to control the process parameter in precious manner. 

 

1.4 Scope and Limitation of the study 

 

The study is focused on creating a cylindrical shape fiber by using the existing 

electrospinning based rapid prototyping system. Therefore, following topics has covered 

under the scope and limitation of this thesis: 

 The material for this experiment was the blend of PCL and DMF 

 Only the structural properties of scaffold has been evaluated 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter presents the literature review of the role of scaffold in tissue engineering, 

properties of scaffolds, conventional and rapid prototyping techniques for scaffold 

fabrication and details description of electrospinning technique. 

 

2.1 Tissue Engineering 

 

Tissue engineering (TE) is one of the field which directly involves in human surgery. The 

main motivation for increasing research in this field is to full fill the tissue and organ that 

need in human therapy. It is applicable to repair, maintain, and regenerate the damage or 

malfunction’s tissue of human body. (Hasan et al., 2014)Tissue and organ are alive if the 

cells are alive. Cells are the strength that keep an organ and tissue in working conditions. 

The external biological part is used to provide the essential environment to redevelop the 

cells which is known as a scaffold. Design of scaffold is the one of the most important aspects 

of TE which should provide the mechanical strength and access to nutrients for the new 

growing tissue. The scaffolds are created for momentary purpose only so it should degrade 

without any health issue and allow cells to generate their one extracellular matrix. Thus, to 

take all in account it is not easy to design a scaffold.  Until today the scaffolds are generated 

by conventional and RP techniques. The scaffold created form this process should meet its 

desire properties (O’Brien, 2011). Figure 2.1 shows the cycle of tissue Engineering. 

 
 

2.2 Roles and Requirements of Scaffolds 

 

The scaffold is fabricated with different method and material to generate the different types 

of tissue and organ of human cure. No matter which types of tissue or organ, the key 

consideration is the designing of suitable scaffolds with following properties: 

 

2.2.1 Structural properties 

 

The scaffolds must possess with high porosity, superior pore size and high inter pore 

connectivity. The porosity is the space per whole volume ratio of the one scaffold. The cell 

can easily attached and grow if the scaffolds have high porosity. Similarly, superior pore 

size enables to distribute the cells uniformly and inter pore connectivity provide the 

exchange of nutrients and air for cell develop in scaffolds (Hasan et al., 2014).However, the 

porosity has inverse relationship with mechanical properties thus it should not cross the 

optimum level (O’Brien, 2011). 
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Figure 2.1 Basic principle of tissue engineering 

 

2.2.2 Mechanical Properties 
 

Among the properties of scaffold mechanical property is the most essential to keep its shape 

in 3D as well as to provide the sufficient support for cell regeneration over the scaffold. The 

gradual loads will increases in scaffold when the cell starts to grow. The Stress-strain curved 

can generate through the tensile test to examine the deformation that takes place in scaffold 

(Hasan et al., 2014). However, a strong mechanical property is not advantages in application 

because it reduces the porosity which is also more essential for cell growth. Thus, it must be 

in optimum level (O’Brien, 2011).. 

 
 

2.2.3 Biological Properties 
 

The biomimetic materials are used to fabricate the scaffold in order to prevent the user form 

inflammation. The biological property is depended on the patents material of scaffold 

(Solchaga et al., 1999). The scaffold should be biodegradable and it must be fragment after 

the complete regeneration of cell. The degradation rate must be controllable and predictable 

which can vary according to the applicable of scaffold (Lee et al., 2004) 

 

2.3 Scaffold Fabrication Techniques 

 

Scaffolds is the main part to complete the cycle of tissue engineering. Scaffolds are created 

in many ways to full fill its requirements. Some conventional techniques are Fiber bonding, 

Solvent Casting and Particular leaching, Gas forming and Electrospinning. The scaffolds 

created from these techniques are not able to maintain the good properties to support in cell 
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growth. So to overcome these problems rapid prototyping is introduce in the field of medical 

and established as medical RP. The scaffolds created from this method is able to increase 

the properties level compare to the conventional method. These RP methods are Stereo 

lithography apparatus (SLA) Selective Laser Sintering (SLA), Three dimensional Printing 

(3DP) and Fused Deposition Modeling (FDM) (Mikos & Temenoff, 2000). 

 
 

2.3.1 Conventional Techniques 

 
 

2.3.1.1 Fiber Bonding 
 

The fiber which is produce from the textile technology is used to create a scaffold. The 

individual fiber is interconnected to form a desired scaffolds. Then it submerged into the 

polymer poly (L-lactic acid) PLLA solution. After evaporation of the solution the bonded 

fiber is heated above the melting temp of the both solution. In the cooling period the PLLA 

is removed by selective dissolution then only poly (glycolic acid) PGA fiber physically joints 

the cross links. After all the bonded finer is crated which is known as scaffold (Mikos & 

Temenoff, 2000). However, the scaffolds create form this method in not appropriative for 

controlling the fine porosity (Czernuszka & Sachlos, 2003). 

 

 
 

Figure 2.2 Fiber bonding 

 

2.3.1.2 Solvent Casting and Particular leaching 

 

The next method to create a pore involves the use of water soluble porogan, for example, 

salt (NaCl).The process start by adding porogan into a polymer solution. After allowing to 

evaporate the solvent polymer/salt composite is leached in water. The scaffold created form 

this technique possesses high porosity. This can be controlled by controlling the amount and 

dimension of salt. Figure shows the systematic process of this operation (Hutmacher, 2000). 
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Figure 2.3 Solvent casting and particular leaching 

 

2.3.1.3 Gas Forming 
 

By involving carbon di oxide (CO2) gas as a porogan is a new technology to fabricate the 

scaffold. The scaffold created from this technique is free from solvent. The first step of this 

technique is to prepare the disc of the polymer by using the heated compressive mould. After 

this CO2 gas in high pressure is exposed over the disc and eventually the pressure is rapidly 

decreased to atmospheric pressure. The porosity and pore structure is depend on the amount 

of gas dissolve in polymer (Mikos & Temenoff, 2000). 

 

 
 

Figure 2.4 Gas forming 

 

2.3.1.4 Electrospinning 

 

Electrospinning is the process which is capable of producing polymer fiber with nano scale 

diameter. This process was introduced in early of 19th century and patented by Formhals 

(Frenot and Chronakis 2003). The process became more interesting when it interacted in 

medical field with biomaterials. The process starts with applying the electrostatic force 

between the polymer solution and collector plate. At the threshold voltage the fiber forming 
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takes place and deposits in collector. A glass syringe that keep in vertical position which 

holds the metallic needle. A positive charge of high voltage is connected to a needle and 

negative is connected with collector where the finer is collected. When the voltage is applied 

in this process the droplets start to fall rapidly and stable with a conical shape in the needle 

tip which is known as Taylor cone (Bhardwaj & Kaunda, 2010). The formation of Taylor 

cane is depended on many parameters. These parameter are categorized according to its 

influence in fiber forming process (Mitchell et al., 2011). Standoff distance is the main 

process parameter which divide the electrospinning technique. If the distance is short 

between the needle tip and collector then the process is defined as near- field electrospinning 

process. Similarly, if the distance is long then it is defined as Conventional or Far- field 

electrospinning process.  

 

 
 

Figure 2.5 Electrospinning technique 

 

Far–field electrospinning also referred as a traditional electrospinning technique. In this 

process the distance between needle tip and collector is large. Normally the distance covers 

the range of 10 to 15 cm between needle tip and collector. To form a fiber with this technique 

the same range of applied voltage is needed in KV unit. After applying the voltage in 

polymer solution, the charged polymer pulled towards the collector in the forms of thin jet. 

Thinner fiber is formed from this process because the jet has sufficient distance to stretch 

while travelling to collector. This phenomena occur due to whipping action of the jet (Bista, 

et al. 2012). However, the whipping action makes it nearly impossible to control fiber while 

collection on collector. The whipping action causes a bending instability in a jet which travel 

straight in few millimeter from needle tip this problems can be addressed by reducing the 

distance between collector and nozzle tip. The distance is maintained to be a few millimeters 

so that the jet deposit before the onset of whipping. This technique is introduced as a near –

field electrospinning. The problems of FFES are solved after introducing the NFES. 
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However it is not easy to generate a fiber from NFES process. In this process the distance 

between the needle tip and collector is less (Sun, et al. 2006). However, there are many 

parameters which influence the fiber forming process that is described in section 6.2.These 

need to be controlled to from a good morphology of fiber. 

 

 
 

Figure 2.6 Schematic jet path of electrospinning with formation of taylor cone, 

transition zone, tapered jet and bending instability 

 

2.3.2 Rapid Prototyping Technique 
 

2.3.2.1 Stereo Lithography Apparatus (SLA) 
 

The SLA process involves selective polymerization of a liquid photo curable monomer by 

an UV laser beam. This is the layer by layer manufacturing process where the individual 

layer thickness is decided in CAD model. The process start with lowering the platform 

according to a pre-decided thickness and submerged inside the polymer solution. After this 

the UV laser cures selectively in the desired position to solidify and reaming area will be in 

liquid form. The process repeats until the full model is not prepared.  In this process the 

support is required for overhanging parts to overcome the collapse of the model. After 

completing the part the support is removed which is also define as post process. The scaffold 

generated from this process has very fine pore size. However in medical RP the 

biodegradable materials are more suit compare to the solvent materials (Sun et al., 2006). 
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Figure 2.7 Basic principle of SLA process 

 

2.2.2.2 Selective Laser Sintering (SLS) 

 

This is also another technique to form a solid object by adding layer over layer. In this 

process Carbon Dioxide (CO2) laser beam is used to convert the powder polymeric material 

into a solid layer. Initially the required object is built in CAD software from where the STL 

file is generated. During the SLS processing the laser beam move selectively over the beaded 

power surface which cross section is maintain according to the slice data. The temperature 

of the powder rises when it interact with laser beam. When the increasing temperature 

reached closed to the melting point of particles then the fused takes place between the 

particles and form a solid layer. Subsequent layers are built directly over the previous 

sintered layer with new layers of powder being deposited through a roller on the top of 

previous sintered layer. This process repeated until the complete model is not formed. The 

scaffold created form this process has good mechanical properties even though the surface 

is rough compare to scaffold formed form SLA technique. Figure shows the systematic 

process of SLS technique (Tan et al., 2003). 
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Figure 2.8 Systematic diagram of SLS process 

 

2.2.2.3 Three dimensional Printing (3DP) 

 

This is the process where the application of heat is replaced by adhesive materials. This is 

the similar process as SLS where the powder bed is made with desired thickness and 

adhesive materials is sprayed over it with the help of inkjet to form a solid layer instated of 

laser beam. After completing the first layer the bed is lowered down and the second layer of 

powder is paced over the first layer.so the second layer solidify and combine with previous 

layer. The process continue till the complete final model in built. The scaffold created from 

this process is completely biodegradable because the number of biomaterials are available 

for adhesive purpose. The scaffold has better strength and large pores which is more essential 

for cell growth (Butscher et al., 2011). 
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Figure 2.9 Systematic diagrams of 3D printing process 

 

2.2.2.4 Fused Deposition Modeling (FDM) 
 

Fused Deposition Modeling (FDM) is a RP technique where the scaffolds are created with 

honeycomb pattern having full interconnectivity of pores, controllable porosity and channel 

size. This method does not required any solvent and offers easy in material handling and 

processing. The three dimensional physical object can create directly from the CAD model. 

The process starts with the extraction of semi-molten monofilament through the rollers are 

deposit on the platform in a layer by layer process. After completing the first layer the 

platform is lower down and next layer is added over the previous layer. The nozzle unit can 

move along X and Y directions and the collector plate can move along Z axis. The process 

repeats until the full object is no achieved. (Zein et al., 2002). After examining the scaffolds 

obtained from FDM it can be said that the mechanical properties of the scaffold vary with 

the change in porosity. With increase in porosity the mechanical properties decreased. FDM 

has a few disadvantages. The polymer cannot be directly fed to the rollers. It has to be in 

filament form. The heated polymer may show variation in its characteristics on heating. In 

general the accuracy of FDM is equal to or better than SLA, SLS and 3DP machines (Kalita 

et al., 2003). 
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Figure 2.10 Systematic diagram of FDM process 

 

2.4 Study of existing electrospinning based RP system 
 

It is already mentioned that FDM can create a scaffold in controllable manner but however 

it is not able to create a filament in nano scale. But the electrospinning technique is capable 

of creating a nano filament by using electrostatic force on the polymer solution. Therefore 

the combination of these two techniques can give the advantage of producing a nano filament 

in controllable manner  (Auyson 2012). After this the integration of these two techniques 

was design and developed (Chanthakulchan 2013). Following are the major units of the 

electrospinning based RP system. 

 

2.4.1 Nozzle Unit 

 

The nozzle unit is responsible for holding a glass syringe along with the needle. The holder 

is made from acrylic to prevent from any electrical leakage. Polymer solution is filled inside 

the glass syringe. The nozzle can move along Z direction in a vertical manner. This 

movement is carried out with the help of a ball screw having pitch 1mm and a stepping motor 

of 0.72 degrees/step. The movement is controlled by a driving mechanism located at the top 

of nozzle holder. The unit can be moved up and down in order to control the distance between 

collector and nozzle. 
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Figure 2.11 Nozzle unit 

 

4.4.2 Collector Unit 
 

The collector unit consists of a collector plate which can move along X and Y directions. 

The movement along each direction is carried out with the help of a ball screw having pitch 

5mm and stepper motors having 0.72degree/step. The size of the plate is 120x120mm. The 

fiber generated from the needle in the nozzle unit is deposited onto an aluminum foil placed 

on the collector plate. 

 

 
 

Figure 2.12 Collector unit 

 

2.4.3 Controlling Unit 
 

The controlling unit consists of motion controller, local controller and power supply devices 

to control the power. The stepper motors and the ball screws are controlled by the controllers. 

The nozzle unit is controlled by the local controller while the collector unit is controlled by 

the motion controller. Various electronic devices are also required controlling the power 

supplies. The diameter of the fibers can be measured with the help of an image capturing 

device called as microcapture. The entire machine is covered with an acrylic cover since 
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results obtained in a closed system were more accurate as compared to those in an open 

system. The total overall size of the machine is 680x630x600 mm. The motion and local 

controllers are controlled by programs generated in LabVIEW software. Coordinates of the 

path to be followed are generated and fed to the software. The machine follows the trajectory 

from one point to another point specified by the coordinates. Figure 2.13 shows the complete 

machine design created on SolidWorks software. 

 

 
Figure 2.13 Machine design of electrospinning based RP system 

 

2.5 Electrospinning Parameters 
 

Mainly the fiber diameter is affected by the parameter of electrospinning. Many researches 

are in the way to investigate the effect of parameters and its impact on fiber diameter. There 

are many parameters which has direct influence in fiber diameter. However, all the 

parameters does not have equivalent effect on fiber diameter as well as fiber forming process. 

Table 2.1 shows the parameters that are classified based on influencing level to fiber 

diameter. (Thompson et al., 2007). 
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Table 2.1 Parameters classified based on influencing level on fiber diameter 

 

Major Influence parameters Moderate Influence 

parameters 

Minor influence parameters 

Initial jet Radius 

Volumetric charge density 

Standoff distance 

Initial elongational 

viscosity 

Relaxation time 

Initial polymer 

concentration 

Perturbation frequency 

Solvent vapour pressure 

Solution density 

Electrical potential 

Vapour diffusivity 

Relative Humidity 

Surface tension 

Temperature 

 

2.5.1 Major Influencing Parameters 
 

These five parameters (Initial jet radius, volumetric charge density, Standoff distance, Initial 

elongation viscosity, relaxation time) are consider as the major influence process parameter. 

The fiber diameter varies dramatically if these parameters have minor fluctuation. Each 

parameter is explained in details. 
 

2.5.1.1 Initial jet/orifice radius 
 

There are few papers which have described about the effect of initial jet radius on the ejected 

jet radius. The initial jet radius depends on the needle size form where the solution is ejected.  

The test was conducted by keeping other variable constant and the result shows that the final 

fiber radius is increasing with increasing in initial jet radius. This process parameter has a 

linear relationship with fiber diameter (Thompson et al., 2007). 
 

2.5.1.2 Volumetric charge density 
 

Volume charge density is the amount of electric charge per unit length, surface area, or 

volume, respectively. If the volumetric charge density is low then beaded fiber will form 

(Thompson et al., 2007). 
 

2.5.1.3 Distance from nozzle to collector (Standoff distance, SOD) 
 

The distance between the nozzle tips to collector is known as standoff distance. In NFES the 

distance is small compare to FFES .In NFES low applied voltage is sufficient to accelerate 

the fiber towards the collector. Due to the short distance between the nozzle tip and collector 

there is no sufficient time to evaporate the solvent form from the fiber jet. When the solvent 

evaporates, the jet became dry which is most essential to form a fine finer in cylindrical 

shape. But the shorter distance does not allow the evaporation process quick and form fiber 

jet. In addition, due to the shorter distance the jet has no sufficient time to elongate which 

create a thicker fiber (De Vrieze et al., 2007). In contrast, FFES does not possess with these 

problems. There is enough distance to evaporate and elongate the jet so the fiber will deposit 

in dry state. Thus, the fine cylindrical fiber can form from this process. Unfortunately, this 

process also not free from unruliness. Instabilities of jet, bending of jet, spraying of jet, 

spiraling of jet are the major problems that associated with far field electrospinning. These 

phenomena take place because the SOD is extremely large. This is defined by the Earnshaws 

principle that “when many charges particles held through for a long time, they tend to repel 

each other after certain time causing deviation.”(Bhardwaj & Kunda, 2010). 
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2.5.1.4 Viscosity 

 

Viscosity has an important role to characteristics the fiber morphology. With a low viscosity 

the continuous fiber cannot obtain and with the high viscosity the jet cannot ejected properly. 

The initial elongation viscosity is related to the zero–shear viscosity  (Thompson, et al. 

2007).It characterizes the stretching of polymer solution at transition from the tip of the 

Taylor cone to the beginning of jet. The elevated initial elongation viscosity means a strong 

stretching which is related to a higher applied voltage. This phenomena shows the fiber 

diameter can reduce at a higher elongation viscosity. On the other hand, with the elevated 

viscosity the large and more constant diameter fiber can generate (Sukigara et al., 2003). 

 

2.5.1.5 Relaxation time 

 

Limited literature described about this terms. According to them it measures a material 

ability to relax elastically from any pre-stressed state. The relaxation time of the polymer 

solution depends on polymer type, molecular weight, concentration, molecular structure and 

the solvent type.  The final fiber cross-section radius is going to increase with increasing 

relaxation time (Thompson et al., 2007). 
 

2.5.2 Moderate Influencing Parameters 
 

Following are the parameters which are categorized as a moderate influence parameters on fiber 

diameter. 

 

2.5.2.1 Initial polymer concentration 

 

This is considered as a solution parameters. The formation of fiber is depended on initial 

polymer concentration. If the initial polymer solution is not above the critical entanglement 

concentration, then electrospinning operation cannot take place. (Sill et al., 2008) With low 

concentration the beaded fiber or electrospraying may occur and also the formed fiber 

changed its shape from the jet shape after deposited in collector. In low concentration the 

amount of solvent is high which take a time to evaporate and there is no sufficient time to 

evaporate in NFES. Thus, the amount of solvent present is high in fiber after deposit in 

collector which has tendency to flow until it solidify. So the fiber which deposit in collector 

start to expand and irregulate the initial jet shape. (Theron et al., 2004) In opposite with the 

high concentration the amount of polymer eject from the needle tip is high and the fiber 

diameter is increase .Also the applied voltage is increased with increasing in concentration 

(Thompson et al., 2007). 
 

2.5.2.2 Solvent vapour pressure 

 

Solvent vapour pressure is defined as the pressure exerted by a vapor in thermodynamic 

equilibrium with its condensed phases at a given temperature in a closed system It varied 

according to the solvent used in electrospinning and also its effects on fiber diameter. With 

a low vapour pressure the hasten nozzle plugging occur without proper flow to maintain 

fully developed drop. This is a parameter which depend in low charge density and viscosity 

(Thompson et al. 2007). 
 

 

http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Vapor
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Condensation
http://en.wikipedia.org/wiki/Phase_(matter)
http://en.wikipedia.org/wiki/Thermodynamic_system#Closed_system
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2.5.2.3 Electric potential 

 

This is the one of the processing parameter. To eject a jet the electric field is applied between 

the needle tip and the collector.  With the threshold applied voltage the droplets start to 

convert into a jet then ejected from the needle tip. When the high voltage is applied the rapid 

fall of droplets occurs and after the threshold voltage it became stable with forming a taylor 

cone at a needle tip. Furthermore high voltage is increased then the size of taylor cone starts 

to reduce and disappear at the end by inserting inside the needle tip. (Theron et al., 2004) 

Also when higher voltages are applied there is a more polymer rejection which tend to form 

a fiber in large diameters. (Thompson et al., 2007). 

 

 
 

Figure 2.14 Influence of increasing applied voltage 

 

2.5.2.4 Solution density 

 

If the solution has low density the fiber jet has a sufficient time for stretching because the 

evaporation rate is lower while traveling to collector form needle tip. Thus this tends to 

generate a thinner fiber. Solution density depends in the solvent which we used for 

electrospum mainly in the other process parameter like relaxation time and elongation 

viscosity (Thompson et al., 2007). 
 

2.5.3 Minor Influencing Parameters 
 

Following are the parameters which are categorized as a minor influence parameters on fiber 

diameter. 

 

2.5.3.1 Humidity 

 

Humidity is the amount of water vapour that present in atmospheric air. Humidity also one 

of the process parameter that need to control in electrospinning. However, this process 

parameter is considered as minor influence process parameter. With increasing ambient 

humidity the jet diameter decreases and at end beaded fibers will form. If the humidity is 

high, the solvent present in solution take a long time to evaporate when it travel from needle 

tip to collector; thus takes a long time to dry. Thus, the fiber diameter is not stable. In 

addition, humidity also varies according to the polymer solution concentration. If the 

concentration is lower than the more solvent need to evaporate and vice-versa. Thus, lower 

humidity is suited for creating the fiber. However, the fiber formed in higher humidity has a 



 

19 

 

thinner fiber because the solidification rate is higher in high humidity. At the same the jet 

undergoes in elongation process which tends to make a thinner fiber (De Vrieze et al., 2009). 

 

2.5.3.2 Temperature 

 

Temperature also has the similar phenomena like as humidity. At the lower temperature 

solvent evaporation rate is slower evaporation rate forming thinner fibers (Thompson, et al. 

2007) .On the other hand with increasing in temperature, viscosity of the solution decreases. 

With lower viscosity the fiber formed is thinner because higher stretching will occur in jet 

while trajectory to collector. Also the raised temperatures increase the solidification rate of 

the polymer. Even this is more important to solidify quickly because the fiber can deposit as 

a same shape of jet in collector. This forms a circular fiber (De Vrieze et al., 2009). 
 

2.6.5.3 Surface Tension 

 

The effect of surface tension is negligible if the electrospun retain their viscoelasticity and 

better solidification. This action occurs in reality if the viscoelastic forces completely 

dominate the surface tension. In contrast, the surface tension has significant effect in fiber 

diameter if the low molecular weight polymer or polymer concentration is used for 

electrospum. In this case the viscoelastic force is dominated by the surface tension and it 

start to governor over the fiber size. The large size beaded fiber will form via the elevated 

surface tension (Thompson, et al. 2007). 
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CHAPTER 3 

METHODOLOGY 

 

The success of the study depends on the selection of a good methodology. Thus, this chapter 

focuses on the methodology to deal with the research problem. This section will describe the 

methodology is used for achieving the objectives 

 

3.1 Line of experiments 
 

The experimental study of electrospinning process is carried out in order to achieve a 

cylindrical shape fine fiber. According to literature review the fiber forming process and 

fiber diameter depend on various parameters. In order to achieve the objective a set of 

parameters were studied. There are many parameters that have direct influence in 

electrospinning process. Each parameter was studied in depth to identify its level of influence 

in the electrospinning process.  

 

Electrospinning process is a straightforward process in terms of set-up and producing fibers 

even though, there are many factors which determine the shape and size of resulting fibers; 

these factors include a stand of distance, applied voltage, initial solution concentration, vapor 

pressure of solvent, temperature etc. In contrast, all these parameters has not the same level 

of significance in electrospinning process. In order to achieve a cylindrical shape fine fiber 

the experimental investigation has been done over the initial solution concentration which 

has moderate influence in fiber diameter. 

 

The cylindrical shape of fiber depends upon the evaporation rate of solvent present in 

solution. If the jet solidified before deposit in collector then the expansion of jet cannot occur 

even it deposit in the collector. Next, if the solvent evaporate before deposit in collector then 

the fiber takes a jet shape because the jet solidified quickly and deposit with the same shape. 

Thus, the cylindrical shape of the jet remains constant even it turns into a fiber. Therefore, 

there is a possibility of generating a cylindrical shape fiber. 

 

The investigation has been done in different parameters to achieve a fiber with a cylindrical 

shape. One of the parameters that has been investigated was “Stand of Distance (SOD).” The 

prediction over this parameter was by with increasing the SOD, the jet will travel a long 

distance where the solvent present in solution has sufficient time to evaporate. Therefore, 

the jet will deposit in collector with dry forms and maintain the jet shape i.e. cylindrical 

shape. The set of experiments was performed with increasing the SOD. Of course, the 

diameter of the fiber has reduced with increasing the standoff distance. Unfortunately, 

without achieving the cylindrical shaped fiber the fiber cannot formed with far SOD. In other 

words, the threshold of SOD was obtained before achieving the complete cylindrical shaped 

fiber. Beyond the threshold, the fiber jet got sprayed and the experiment cannot continue. 

Therefore, some other parameters need to take into account to achieve a cylindrical shape 

fiber. The next set of experiment has been conducted by controlling the amount of solvent 

present in solution. 

 

The amount of solvent present in solution depends on its initial concentration level. By 

increasing the concentration level, the amount of polymer is increasing and the amount of 

solvent is decreased. Therefore, there is high possibility of getting cylindrical shape fiber 

with high concentration level. In contrast, with increasing the initial solution concentration 
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the size of fiber also increases. Therefore, to attain a fine cylindrical shape fiber it is 

necessary to define the threshold concentration level. 

 

Experiments needs to be conducted for establishing the setup for attaining a fiber which can 

be controlled, having a cylindrical shape with a smaller size. Simultaneously, the jet diameter 

and fiber diameter need to be observed to find the effect of variable parameters. 

 

The experiment has been carried out in the following sequence. The first set of experiments 

was carried out with increasing the concentration level. Similarly, the second set of 

experiments was conducted in order to study the effects of fabricating conditions on fiber 

size. Likewise, the third set of experiments was conducted with reducing the needle size in 

order to find its effect on fiber size. And the last experiment was conducted to investigate 

the multi-layer scaffold. The details of each experiments was explained in chapter 4. 
 

3.2 Experiment setup 
 

Following is the experimental setup followed for preparing all the experiments. 
 

3.2.1 Material Preparation 
 

For the experiment, Polycaprolactone (PCL) with Mn 80,000 to 90,000 g/mol from Sigma 

Aldrich Chemistry was used as the polymer material for the process. N, N-

Dimethylformamide (DMF) was used as a solvent.  The required proportion is taken to 

maintain the level of concentration. The mixture is then placed stirring machine which heats 

it at temperature of 80°C for about 15 minutes. 

 

After preparing the solution it leaves to attain the room temperature. From this solution the 

fiber can generate only 4-5 hrs. After this the solution will change its properties. Thus, the 

fiber cannot form. 

 

3.2.2 Machine Setup 
 

An aluminum foil was placed on the collector platform. The positive charge line of the power 

supply was connected to the needle tip while the ground line was connected to the collector. 

The speed of the collector was fixed at 200 mm/s with acceleration and deceleration of 50 

mm/s2. The required size of needle was fixed to conduct the experiment. 

 

3.2.3 Evaluation Method 
 

A portable digital microscope with MicroCapture software was used to capture the images 

of the fabricated scaffolds. The needle was used as a reference in order to obtain the 

resolution of image while measuring the jet diameter and fiber diameter. The ratio of outer 

diameter of radius to the number of pixels measured in the magnified image gave the 

resolution of the image. The diameter of the fiber was measured in the pattern and scaffolds 

created. 
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3.3 List of Experiments Conducted 
 

3.3.1 Experiment for studying the effect of initial concentration on the transformation ratio 

of fiber’s sizes 
 

According to a literature review among the various parameters of electrospinning process, 

initial solution concentration has a significant effect on fiber size. Here, the experiment has 

conducted by keeping the other parameter as a constant. The experiment has been conducted 

with low to high concentration level. The concentration level has increased by increasing the 

amount in PCL in DMF. The jet and fiber diameters were measured and the transformation 

ratio was calculated by taking the ratio between fiber diameter and jet diameter. 
 

3.3.2 Experiment for studying the effect of fabricating condition on the transformation 

ratio of fiber size 
 

The data of previous experiment suggested to conduct this set of experiment. The three 

different fabrication condition was developed. The first, second and third developed 

conditions were, experiment at normal condition, experiment with blowing warm air inside 

the closed chamber and experiment with blowing the compress air inside the closed chamber 

respectively. The detail setup of each condition is explained below: 
 

3.3.2.1 At normal condition 
 

A normal condition was defined by maintaining the parameters like Humidity, Temperature, 

Voltage and Standoff Distance as a constant parameters. The experiment was conducted with 

different concentration levels. The same experiment was repeated three times and the 

measurement of both jet and fiber was carried out. 
 

3.3.2.2 With blowing the warm air inside the experimental zone 

 

The experiment is carried out in order to check out the effect of warm air in the fiber 

fabrication process. Experiments were conducted with blowing the continuous warm air 

inside the experimental zone. The three levels of concentration were used to create a fiber. 

Both jet diameter and fiber diameter were measured and the result was analyzed. 
 

3.3.2.2 With blowing the compress air inside the experimental zone 

 

This set of experiments was conducted to study the effect of blowing compressed air inside 

the experimental zone. The experiment was carried out by maintaining the other parameter 

constant. The experiment was conducted with different concentration levels. Both jet and 

fiber diameters were measured and the result was analyzed. 
 

3.3.3 Experiment for studying the effect of needle size on the transformation ratio of fiber’s 

size 

 

This study aims to study the effects of needle size on fiber diameters. The experiments were 

conducted with different needle sizes. The other parameters were kept constant while this 

study has been carried out. The needles of 20, 22 and 24 gauge were used to conduct the 

experiments. The effects of needle sizes were studied at different concentration levels. The 

jet and fiber diameters were measured and the result was analyzed. 
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3.3.4 Experiment for investigating the Multi-layers scaffold fabrication 

 

The last but not least experiment was conducted to analyze the result of multi-layer scaffold. 

The scaffold was manufactured with smallest fiber that has been achieved yet. The structural 

properties of the scaffold were analyzed. 
 

3.4 Summary 

 

The various process parameters which have influence in the electrospinning operation has 

been studied. The more focus has been given in those parameters which concerned with our 

existing electrospinning based RP system. This study aims to obtain high-quality scaffold 

with fine fibers. The effects of initial solution concentration and fabricating conditions; 

either in normal condition, or blowing the worm or compress air inside the experimental 

zone on fiber diameter were investigated. Therefore, the initial concentration level and 

suitable fabricating condition has determined to obtain small cylindrical shape finer to create 

an aimed scaffold. Also, the effects of needle size on fiber size has investigated. The 

experiments were carried out using a smaller needle size as much as possible. Thus, it has 

defined a suitable needle size to perform a scaffold with good properties. Finally, the scaffold 

has fabricated with the defined parameters and the structural properties were analyzed. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

The previous chapter presents the experiments that were carried out to identify significant 

factors for achieving a cylindrical shape fine fiber. The first experiment was for identifying 

the concentration level with gravity flow for creating a fiber. The second experiment was for 

identifying the effect of fabricating condition of experimental zone on fiber size. The next 

experiments were conducted to study the effect of needle size in fiber diameter. The last 

experiment was for fabricating the multi-layer scaffold. All the experiments were carried our 

according to the experimental setup and sequence described in the methodology. 

 

4.1 Experiment for studying the effect of initial concentration on the 

transformation ratio of fiber’s size 
 

The experiments with varying the initial concentration is carried out in this section by 

maintaining the other parameters as constant. In each level of concentration the jet and fiber 

diameters were measured. The same experiment was repeated three times and the 

measurement of jets was taken at four different positions and also the measurement of fibers 

was taken at six different positions. The experiment was start with the 10 % weight of PCL 

in DMF. Table 4.1 shows the composition of each concentration level in details. 

 

Table 4.1 Amount of PCL and DMF in different concentration levels 

 

Concentration level (%) Amount of PCL (g) Amount of DMF (g) 

10 % weight of PCL in DMF 2 20 

15 % weight of PCL in DMF 3 20 

20 % weight of PCL in DMF 4 20 

25 % weight of PCL in DMF 5 20 

30 % weight of PCL in DMF 6 20 

35 % weight of PCL in DMF 7 20 

40 % weight of PCL in DMF 8 20 

45 % weight of PCL in DMF 9 20 

50 % weight of PCL in DMF 10 20 
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At 10% Concentration Level At 15% Concentration Level At 20% Concentration Level 

   

At 25% Concentration Level At 30% Concentration Level At 35% Concentration Level 

   

At 40% Concentration Level At 45% Concentration Level At 50% Concentration Level 

 

Figure 4.1 Capture jet images at various concentration levels 
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Figure 4.1 shows the result of the polymer jet formation. For the first three levels (10%, 15% 

and 20%) when the voltage was applied, the droplets changed their shape to taylor cone but 

the jet could not formed. For 10% and 15% it seems to be a flow of solution. And for 20% 

the solution was sprayed onto the collector. 

 

That means the concentration levels are lower than the critical entanglement concentration 

level. The fiber could be formed for the concentration of 25% or higher. However, increasing 

viscosity makes it more difficult for the solution to eject through the needle. As a result, the 

fiber could not be crated after reaching at 50% concentration level. 
 

Figure 4.2 shows the windows for polymer jet formation. It shows that the concentration 

level was categorized in three section with respect to fiber forming conditions. The fiber 

cannot form less than 25% and above 45% concentration level. Only the successful fiber was 

formed between 25% to 45% concentration level 

 

 

Figure 4.2 Graph between concentration level vs jet diameter 
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Figure 4.3 Capture fiber images at different concentration levels 
 

Fiber were crated for the concentration 25% 30% 35% 40% and 45%.Their image are 

showed in Figure 4.3.They were converted to binary imaged for measurement as shown in 

Figure 4.4. 

 

 

 

 

 

 

 

 

 

   

At 25% Concentration Level At 30% Concentration Level At 35% Concentration Level 

   

 

 

 

 

Fiber cannot form with 

gravity flow 

At 40% Concentration Level At 45% Concentration Level At 50% Concentration Level 



 

28 

 

   

At 25% Concentration Level At 30% Concentration Level At 35% Concentration Level 
   

 

 

 

 

 

Fiber cannot form with 

gravity flow 

At 40% Concentration Level At 45% Concentration Level At 50% Concentration Level 
 

Figure 4.4 Capture fiber binary images at different concentration levels 

 

Table 4.2 presents the reading of jet and fiber diameters. The average jet diameter was closer 

to each other. It was difficult to conclude that effect of concentration on jet diameter. Thus, 

one-way ANOVA test was conducted between the jet diameter and concentration level. The 

ANOVA result shows that, with increasing concentration level, there is no effect on jet 

diameter with gravity flow. The alternative hypothesis was rejected with 95% confidence 

level because the p-value as shown in Figure 4.5 was more than 0.05. In contrast, fiber 

diameter was reduced with increasing concentration level, even there was a gravity flow. 

The reason behind this is by increasing the concentration level the amount of solvent present 

in solution is decreased. Thus, the evaporation rate of solvent is increased with decreasing 

its amount. Therefore, the jet, which deposit in the collector was solidified quickly, which 

tends to reduce the expansion of fiber on the collector. The both fiber and jet diameter with 

different concentration level is shown in Table 4.2. The transformation ratio was calculated 

at those concentration levels where both jet and fiber were formed. The transformation ratio 
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was decreasing with increasing the solution concentration because the fiber diameter were 

reduced with increasing the concentration level. 
 

Table 4.2 Jet and fiber diameter readings with various concentration levels 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.5 One-way ANOVA test on jet diameter versus concentration level 

Concentration 

Level (%) 

Jet 

Diameter(µm) 

SD 

(µm) 

Fiber 

Diameter(µm) 

SD 

(µm) 

Transformation 

Ratio(TR) 

10 Liquid jet NA NA NA NA 

15 Liquid jet NA NA NA NA 

20 Spray NA NA NA NA 

25 45.03 0.64 190.66 3.92 4.23 

30 46.58 1.19 177.49 9.01 3.81 

35 44.31 1.08 148.53 2.80 3.35 

40 45.86 2.36 124.53 3.61 2.72 

45 43.59 0.61 104.92 1.75 2.41 

50 NA NA NA NA NA 



 

30 

 

 
 

Figure 4.6 Graph between concentration vs jet diameter and fiber diameter 

 

As aforementioned, with the gravity flow the fiber cannot form at 50% concentration level 

because there was no sufficient flow of solution from the needle tip to remain as a jet As a 

result, the mechanism was developed which provides the external force to create a flow. 

 

Figure 4.7 shows the image of in-house developed mechanism. It consists a linear actuator 

with controller, fixture unit syringe and hose pipe. The actuator converts a rotary motion into 

a linear motion and provide an external force to syringe which is fixed over the fixture in 

horizontal position. The hose pipe is used to connect the needle and syringe tip. 

 

Table 4.3 Amount of PCL and DMF in different concentration levels 
 

Concentration level (%) Amount of PCL (g) Amount of DMF (g) 

60 % weight of PCL in DMF 12 20 

70 % weight of PCL in DMF 14 20 

80 % weight of PCL in DMF 16 20 
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Figure 4.7 In house developed mechanism to provide an external force to create a 

flow 
 

The developed mechanism was calibrated to identify the flow rate. According to result, to 

displace 1 ml solution 165 pulses are necessary. The experiment was repeated 3 times where 

the same result was found. Thus, it has conclude that the 1 pulse displace 6.06 µl. 
 

The experiment was conducted by using the mechanism. The material was prepared with 

increasing the concentration ratio. Table 4.3 presents the composition of each concentration 

levels. The feed rate of 12 pulse per min was given to create a flow. Simultaneously, the 

voltage was applied between the needle tip and collector. As a result, the solution droplets 

changed into continuous jet. Figure 4.8 shows the capture image of jet and fiber in this 

concentration level. 
 

After evaluation of jet and fiber diameter, it was found that both jet and fiber diameter were 

increased compared to the result of gravity flow. The result was as appropriate because after 

providing the external force to solution the volume of solution ejected from the needle tip 

was increased. Therefore, there was a hiked in both jet diameter as well as fiber diameter. In 

contrast, the transformation ratio was decreased compared to the result of gravity flow 

because there was a significant increment in jet diameter after applying an external force to 

a solution. In addition, fiber diameter also increase but not as a same ratio of jet because the 

amount of solvent present in solution was decreased which tends to quick solidification of 

jet after deposit on collector. Thus, there was a closer diameter between jet and fiber which 

means the transformation ratio was reducing.  Table 4.4 shows the reading of jet and fiber 

diameter at this concentration level. 
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Jet at 50% concentration Jet at 60% concentration Jet at 70% concentration 

   

Fiber at 50% concentration Fiber at 60% concentration Fiber at 70% concentration 

 

Figure 4.8 Capture jet and fiber image at 50% 60% and 70% weight of PCL in DMF 
 

Unfortunately, the fiber cannot form at 80% weigh of PCL in DMF. Figure 4.9 shows the jet 

image which was solidified before deposit on collector. Thus, the fiber cannot form in this 

concentration level. 

 

But there was a successfully fiber formation up to 70% weight of PCL in DMF where, the 

fiber diameter of 89.68µm was achieved with the transformation ratio of 1.40. However, still 

there was a high gap between jet and fiber diameter. 
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Table 4.4 Jet and fiber diameter readings at different concentration levels 

 

 

The data concluded that by increasing only concentration levels, there may be not possible 

to achieve a cylindrical shape fiber. Therefore, some other parameters need to be take in 

account to achieve the goals. According to the observation there was an increment of 

temperature of experimental zone while conducting the experiment. This leads to increase 

the temperature of collector, where aluminum foils was placed. Due to increasing in 

temperature of collector the deposited fiber takes long time to solidify and also easy to 

expand which increases the fiber diameter after deposit. Therefore, next set of experiments 

were conducted with controlling fabricating conditions of the experimental zone. 

 

 

Jet at 80% concentration 

 

Figure 4.9 Capture jet image at 80% concentration level 

 

 

 

 

 

 

 

 

 

 

Concentration 

Level (%) 

Jet 

Diameter (µm) 

SD 

(µm) 

Fiber 

Diameter (µm) 

SD 

(µm) 

Transformation 

Ratio (TR) 

50 61.93 1.41 123.08 4.62 1.99 

60 61.35 0.00 109.30 2.29 1.78 

70 63.85 0.87 89.68 2.80 1.40 

80 NA NA NA NA NA 
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4.2 Experiment for studying the effect of fabricating condition on the 

transformation ratio of fiber’s size 
 

After conducting the first set of experiment, the transformation ratio of fiber size has not any 

dramatic changed even though the fiber was formed with 50 % weight of PCL in DMF. As 

per as a result only with increasing the concentration level, it is impossible to get a cylindrical 

shape fine fiber. Therefore, there is necessary to control the fabrication condition to 

evaporate the solvent quickly and rapid solidification of jet after the deposit on collector 

Thus, the experiment was carried out with three different fabrication condition in order to 

achieve a cylindrical shape fine fiber. Three different fabrication conditions were developed. 

First, the experiment was conducted with normal condition and the second was with blowing 

warm air and last one was with blowing the compress air. 

 

The experiments were conducted with different concentration levels. First, 25% weight of 

PCL in DMF was selected. This concentration level was selected because the fiber start to 

form from this concentration level. Second, 45% weight of PCL in DMF was selected 

because this was the end concentration level where the fiber stop to form with gravity flow. 

In other words, to form a fiber beyond this concentration level an external force need to 

apply on the solution. The experiments were conducted at 50%, 60%, 70% and 80% 

concentration levels with maintaining the flow rate of 12 pulse per minute by using in-house 

developed mechanism. Table 4.4 shows the required ratio of material. The followings are 

the result of experiments: 

 

4.2.1 With Normal Condition 

 

The experiments were conducted with normal condition. A normal condition was defined by 

maintaining the parameters like Humidity, Temperature, Voltage and Standoff Distance as 

a constant parameters in all concentration level. Figure 4.10 show the capture image of jets 

and fibers in different concentration levels and Table 4.5 shows the reading of these images. 
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Jet at 25 % concentration Jet at 45 % concentration Jet at 50 % concentration 

  

 

  

 

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 

   

Jet at 60 % concentration Jet at 70% concentration Jet at 80% concentration 
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Fiber cannot form 

because jet got solidify 

before deposit on collector 

Fiber at 60% concentration Fiber at 70% concentration Fiber at 80% concentration 
 

Figure 4.10 Capture jet and fiber images at normal condition at different 

concentration levels 

 

Table 4.5 Jet and fiber diameter readings with normal condition 

 

 

The result shows that the fiber diameter was reduced with increasing the concentration level. 

But there was no effect in jet diameter where the gravity flow. But jet diameter increase after 

providing the external force over the solution. Therefore, the transformation ratio was 

reduced with increasing concentration level. The lowest transformation ratio was found at 

70% concentration level. Nevertheless, the fiber diameter was almost 1.5 times of jet 

diameter. So there was a possibilities of reducing the gap furthermore. Figure 4.11 shows 

the graph between jet diameter and fiber diameter with the function of concentration levels. 

 

Concentration 

Level (%) 

Jet 

Diameter (µm) 

SD 

(µm) 

Fiber 

Diameter (µm) 

SD 

(µm) 

Transformation 

Ratio (TR) 

25 45.03 0.64 190.66 3.92 4.23 

45 43.59 0.61 104.92 1.75 2.41 

50 61.93 1.41 123.08 4.62 1.99 

60 61.35 0.00 109.30 2.29 1.78 

70 63.85 0.87 89.68 2.80 1.40 

80 NA NA NA NA NA 



 

37 

 

 
 

Figure 4.11 Graph between concentration level vs jet and fiber diameter 

 

4.2.2 With blowing the warm air inside the experimental zone 

 

The experiments were conducted with blowing the worm air inside the experimental zone. 

While blowing the warm air inside the fabricating region the temperature was raised up to 

35°C and the humidity fluctuated at 40 to 45%. Beside these other parameters were 

maintained constant. The experiment has conducted at all three concentration levels and the 

evaluation had been done. The capture image of jet and fiber is shown in figure 4.12. 
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Fiber cannot form due to 

spraying in jet 

 

 

 

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 

   

Jet at 60 % concentration Jet at 70% concentration Jet at 80% concentration 

   

 

 

 

Fiber cannot form 

because jet got solidify 

before deposit on collector 

Fiber at 60% concentration Fiber at 70% concentration Fiber at 80% concentration 

 

Figure 4.12 Capture jet and fiber images at warm air blowing condition at different 

concentration levels 
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The summary of the experiment is present in Table 4.6.The fiber cannot form with 25% 

concentration level because the jet got spray after travelling some distance from the needle 

tip. This phenomenon occur because of increasing the temperature of experimental zone. 

With increasing the temperature, the viscosity of solution is decreases. Therefore, the 

solution cannot maintain the lower entanglement concentrations to form a fiber. Beside this 

in remaining concentration levels the fiber was form successfully. There was a significant 

different in jet diameter but the fiber diameter were closer to each other. According to 

observation, when jet deposited in collector the jet take almost similar time to solidify in 

both concentration level. Because while blowing the warm air, the temperature of collector 

raised. Thus, the deposited jet expands at similar time until it’s solidify and maintained 

almost similar shape. Therefore, with blowing the warm air there is no better result to achieve 

a cylindrical shape fine fiber. 

 

Table 4.6 Jet and fiber diameter readings with blowing warm air inside the 

experimental zone 

 

 

 

 
 

Figure 4.13 Graph between concentration level vs jet and fiber diameter 
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Concentration 

Level (%) 

Jet 

Diameter (µm) 

SD 

(µm) 

Fiber 

Diameter (µm) 

SD 

(µm) 

Transformation 

Ratio (TR) 

25 NA NA NA NA NA 

45 38.93 38.93 136.04 11.96 3.49 

50 59.66 59.66 132.16 4.62 2.22 

60 61.63 61.63 131.37 6.56 2.13 

70 64.48 64.48 124.51 1.92 1.93 

80 NA NA NA NA NA 



 

40 

 

4.2.3 With blowing the compress air inside the experimental zone 

 

As mentioned above, the experiment with blowing warm air inside the experimental zone 

has no improvement as expected Therefore, the next set of experiments were conducted with 

blowing the compress air inside the experimental zone. In this set of experiments the process 

parameters were keep constant likewise in other experiment. Additionally, compress air was 

blown inside the experimental zone which has direct effect in temperature and humidity. The 

temperature was maintained at 25°C and humidity was fluctuated between 70% and 75%. 

Figure 4.14 show the capture images on various concentration levels. 

 

   

Jet at 25% concentration Jet at 45% concentration Jet at 50% concentration 

   

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 
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Fi   

Jet at 60% concentration Jet at 70% concentration Jet at 80% concentration 

   

 

 

Fiber cannot form 

because jet got solidify 

before deposit on collector 

Fiber at 60% concentration Fiber at 70% concentration Fiber at 80% concentration 

 

Figure 4.14 Capture jet and fiber images at compress air blowing condition at 

different concentration levels 
 

The experimental results are shown in Table 4.7.The jet diameter increased after applying 

the external force. In other hand, the fiber diameter was reducing with increasing the 

concentration level. Among these three defined conditions the lowest fiber diameter was 

achieved with this fabricating conditions. 
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Table 4.7 Jet and fiber diameter readings with blowing compress air inside the 

experimental zone 

 

Concentration 

Level (%) 
Jet 

diameter(µm) 

SD 

(µm) 
Fiber 

diameter (µm) 

SD 

(µm) 
Transformation 

Ratio (TR) 

25 52.74 1.16 131.84 1.99 2.50 

45 49.86 1.41 92.82 3.49 1.86 

50 58.80 0.73 86.76 3.49 1.48 

60 61.22 0.59 79.27 1.78 1.29 

70 65.64 0.68 71.68 2.65 1.09 

80 NA NA NA NA NA 

 

 

 
 

Figure 4.15 Graph between jet diameter and fiber diameter with different 

concentration levels 
 

A significant decrease of fiber diameter was observed with increasing the concentration level 

because the amount of solvent present in solution was decreased with increasing 

concentration level. Thus, the jet formed with low amount of solvent, which evaporate 

quickly and the jet takes rapid solidification. In contrast, the jet diameters were proportional 

to concentration level. This phenomenon is occur because of high amount of material is 

present instead of solvent. Therefore, the jet became larger and larger with increasing 

concentration levels. Thus, at 70% concentration level the fiber of 71.68 µm with 

transformation ratio of 1.09 was formed. Figure 4.15 shows the graph between jet diameter 

and fiber diameter with the function of concentration level. 
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Figure 4.16 Two-way ANOVA test on concentration vs fabrication condition 
 

Two way ANOVA were conducted to examine the effects of fabrication condition and 

concentration to the fiber diameter. The ANOVA result is shown in Figure 4.16 .The null 

hypothesis of fabrication condition could be rejected with 95% CI because the p-value was 

less than 0.05.Therefore it has been concluded that there was an effect of fabrication 

condition on fiber diameter. In addition, the alternative hypothesis of interaction between 

those two factors also accepted with same CI. Therefore, it could be concluded that the 

interaction also has effects in fiber diameters. 

 

In comparison of these three fabrication conditions, the suitable one is conducting the 

experiment with blowing the compress air inside the experimental zone. Therefore, 

upcoming experiments were conducted with this fabricating condition. 

 

The data suggests that it would be possible to reduce the transformations ratio or size of fiber 

by increasing the concentration levels. In other words, with increasing the amount of 

materials in solution the proportion amount of solvent reduced. Therefore, there is a possible 

of generating a cylindrical shape fiber because the jet may got solidify quickly if it formed 

with less solvent. 
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4.3 Experiment for studying the effect of needle size on transformation ratio of 

fiber’s size 
 

The previous section primarily focused on to increase the evaporation rate of solvent from 

the jet; thus, the quick solidification of jet occur after collected on collector. In this section 

the experiment focused to reduce the amount of materials that contained in jet and fiber. The 

amount of material ejected is depend on orifice size of the pipetted which supply the polymer 

solution. The experiments were conducted with using different needle sizes. With increasing 

the needle gauge the inner diameter of needles were decreases. The three different needles 

20 22 and 24 gauges were selected where it’s inner diameter are 603,413 and 311 µm 

respectively. Figure 4.17 shows the needle size with different gauges. 

 

   

20 Gauge Needle Size 22 Gauge Needle size 24 Gauge Needle size 

 

Figure 4.17 Needles with different gauges 

 

The experiments were conducted with different five concentration levels with selected 

fabricating conditions i.e. with blowing the compress air inside the experimental zone. In 

first two concentrations, the gravity flow occurs and remaining were feed by 12 pulse per 

minute with in-house developed mechanism. There was a successful fiber formation in all 

concentration levels. The diameter of jet and fiber were measured and analyzed the results. 

The details experiments of each needle size were explained. 

 

Figure 4.18 and 4.18 show the captured images of jet and fiber with 20 gauge needle in 

different concentration levels. In this needle size the fiber formed with gravity flow in 25% 

and 45% concentration levels. Beside these levels the mechanism was used to provide an 

external force to create a flow. The feed rate of 12 pulse per minute was maintained in these 

experiments. 



 

45 

 

   

Jet at 25% concentration Jet at 45% concentration Jet at 50% concentration 

   

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 

 

Figure 4.18 Capture jet and fiber images with 20 gauge needle size at 25%, 45% and 

50% concentration levels 
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Jet at 60% concentration Jet at 70% concentration 

  

Fiber at 60% concentration Fiber at 70% concentration 

 

Figure 4.19 Capture jet and fiber images with 20 gauge needle size at 60%and 70% 

concentration levels 
 

Table 4.8 shows the reading of jet and fiber diameter. The lowest fiber formed by this needle 

size was 71.68 microns with the transformation ratio of 1.09 in 70% concentration level. The 

fiber diameter was reducing with increasing the gauge of needle size. 
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Table 4.8 Jet and fiber diameter readings with 20 gauge needle size 

 

Concentration 

Level (%) 

Jet 

Diameter (µm) 

SD 

(µm) 
Fiber 

Diameter (µm) 

SD 

(µm) 
Transformation 

Ratio (TR) 

25 52.74 1.16 131.84 1.99 2.50 

45 49.86 1.41 92.82 3.49 1.86 

50 58.80 0.73 86.76 3.49 1.48 

60 61.22 0.59 79.27 1.78 1.29 

70 65.64 0.68 71.68 2.65 1.09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 Graph between jet and fiber diameter with 20 gauge needle size 

 

The next set of experiment was carried out with 22 gauge needle size. The rest process 

parameters were held constant. Only the needle size was varied in these experiments. The 

five different concentration levels were spin through this needle size and the result was 

analyzed. Figure 4.21 and 4.22 shows the capture images of jets and fibers. 
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Jet at 25% concentration Jet at 45% concentration Jet at 50% concentration 

   

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 

 

Figure 4.21 Capture jet and fiber images with 22 gauge needle size at 25%, 45%and 

50% concentration levels 
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Jet at 60% concentration Jet at 70% concentration 

  

Fiber at 60% concentration Fiber at 70% concentration 

 

Figure 4.22 Capture jet and fiber images with 22 gauge needle size at 60% and 70% 

concentration levels 

 

Table 4.9 shows the reading of jet and fiber diameters. The result shows that the jet diameters 

with this small needle size formed the smaller jet diameter. As a result, the formed fiber size 

were small in all concentration levels compare to the fiber formed from 20 gauge needle 

size. In this needle size the fiber diameter was proportional with concentration levels but jet 

diameter was inversely proportional with concentration levels. Therefore, the jet and fiber 

diameter became closer at high concentration level. The smallest fiber with 64.72 µm was 

achieved with 1.16 transformation ratio at 70% concentration level. 
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Table 4.9 Jet and fiber diameter readings with 22 gauge needle size 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 Graph between jet and fiber diameter with 22 gauge needle size 

 

The next set of experiment was carried out with 24 gauge needle size. The rest process 

parameters were held constant. Only the needle size was varied in these experiments. The 

five different concentration levels were spin through this needle size. The gravity flow occurs 

only in 25% concentration level. Beside this the mechanism was used to create a flow with 

constant flow rate of 21 pulse per minute in all experiments Figure 4.24 and 4.25 shows the 

capture images of jets and fibers. 

Concentration 

Level (%) 

Jet 

Diameter(µm) 

SD 

(µm) 

Fiber 

Diameter(µm) 

SD 

(µm) 

Transformation 

Ratio (TR) 

25 43.84 0.66 125.21 1.56 2.86 

45 44.22 1.28 81.33 1.78 1.84 

50 50.82 0.69 75.24 1.48 1.48 

60 54.69 0.80 72.64 3.03 1.33 

70 55.64 0.84 64.72 1.65 1.16 
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Jet at 25% concentration Jet at 45% concentration Jet at 50% concentration 

   

Fiber at 25% concentration Fiber at 45% concentration Fiber at 50% concentration 

 

Figure 4.24 Capture jet and fiber images with 24 gauge needle size at 25%, 45%and 

50% concentration levels 
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Jet at 60% concentration Jet at 70% concentration 

  

Fiber at 60% concentration Fiber at 70% concentration 

 

Figure 4.25 Capture jet and fiber images with 24 gauge needle size at 60%and 70% 

concentration levels 

 

Table 4.10 shows the reading of jet and fiber diameters. The result shows that the jet 

diameters with this small needle size formed the smaller jet diameter. As a result, the formed 

fiber size were small in all concentration levels compare to the fiber formed previous both 

needles size. Therefore, the smallest jet and fiber with closer diameter to each other was 

achieved from this needle size. The fiber of 59.96 µm was achieved from this needle with 

the transformation ratio of 1.08 at 70 % concentration level. 
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Table 4.10 Jet and fiber diameter readings with 24 gauge needle size 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 Graph between jet and fiber diameter with 24 gauge needle size 

 

Figure 4.27 shows the graph between jet diameters and concentration levels with the function 

of needle size. Also it is clear that the jet diameter was decreasing with increasing the needle 

gauge. In contrast, the jet diameter was increasing with increasing the concentration level. 

However, the smallest jet was formed with smallest needle size. 

Concentration 

Level (%) 

Jet 

Diameter (µm) 

SD 

(µm) 

Fiber 

Diameter (µm) 

SD 

(µm) 

Transformation 

Ratio (TR) 

25 36.07 0.66 110.80 2.70 3.07 

45 41.35 0.86 71.22 2.97 1.72 

50 50.12 1.14 69.25 2.56 1.38 

60 53.00 1.66 65.89 1.78 1.24 

70 55.48 2.18 59.96 2.86 1.08 
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Figure 4.27 Graph between needle size vs jet diameter 

 

 
 

Figure 4.28 Graph between needle size vs fiber diameter 

 

Figure 4.27 shows the graph between fiber diameters and concentration levels with the 

function of needle size. The graph display that fiber diameter was decreasing with increasing 

the needle gauge. In contrast, the fiber diameter was increasing with increasing the 

concentration level. However, the smallest fiber was formed with smallest needle size. 

Therefore, it was clear that with controlling the flow of ejected material the fiber size can 

controlled. 
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4.4 Investigation of multi-layer scaffold fabrication 

 

From the previous experiments, the smallest fiber was achieved with 24 needle gauge at 70% 

weight of PCL in DMF. Thus, the multi-layer scaffold was fabricated with the condition of 

achieving the smallest fiber. The process was conducted with blowing the compress inside 

the experimental zone. The humidity and temperature was 70% to 75% and 25°C 

respectively at the time of scaffold fabrication and the gap size was maintained 1 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29 Scaffold with 20 layers 

 

Figure 4.29 shows the 20 layer scaffold which was formed from this experiment. There was 

an expectation of forming a scaffold with height because the fiber which was formed to 

manufacture a scaffold was cylindrical shape. Therefore, the fiber have ability to with stand 

with thickness 

 

In contrast, the height cannot determined clearly in the fabricated scaffold. The reason 

behind this was that the fiber layers were not properly overlap to each other. On other words, 

the second fiber layer was not accurately overlapped with first layer. As a result, the width 

of fiber was increased instead of increasing the height. The overlap may not occurred 

because there was a backlash on the movement of the collector. Due to backlash the home 

positon of collector may shift. Thus, the initial positon of first fiber and second fiber may 

different which cause miss lap between the layers. The average diameter of both X and Y 

axes were about 468 and 491 correspondingly. Similarly, the next reason may be insufficient 
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strength of fiber.  The gap between the two fibers was maintained 1 mm. when one after 

another layer was added the fiber may got deflection on the span between the two fibers. 

Therefore, the scaffold have not clear height. Also, there was a dwell in collector when the 

machine change its axis but the jet was continuously deposit in collector. Hence, the thick 

bead was formed in the boundary of scaffold. After overcome with these all problems, there 

is no doubt to achieve a scaffold of fine finer with height. 
 

4.5 Summary 

 

From all experiments, the significant parameters were identified which tends to achieved a 

fine finer with cylindrical shape. The experiment starts with identifying the effect of 

concentration on fiber formation and its sizes. The result shows that the lower entanglement 

concentration level was 25% weigh of PCL in DMF. Below this concentration level the fiber 

cannot form. Also the fiber formed up to 45% concentration level with gravity flow. Beyond 

this concentration level an external force need to provide to create a flow. Also it was figured 

out that with increasing the concentration level there was no significant effect in jet diameter 

when the operation was under gravity flow. However, the fiber diameter was inversely 

proportional with concentration level. Thus, the fiber diameter and transformation ratio were 

reduced with increasing the concentration level. The next set of experiment was conducted 

with providing an external force through the in-house developed mechanism. The result 

shows that the both jet and fiber diameter increased. In contrast, the transformation ratio was 

decreases. Again another set of experiment was conducted to identify the suitable fabrication 

condition to achieved fine fiber. The same experiment was repeated with three different 

fabricating conditions (at normal condition, with blowing the warm air inside the 

experimental zone and with blowing the compress air inside the experimental zone) and the 

fiber size was evaluated. The smallest fiber was achieved with blowing the compress air 

inside the experimental zone. Hereafter the remaining experiment was done by maintaining 

this condition’s. Then the experiment with increasing the maximum concentration level was 

carried out where the fiber of 71.68 micron with transformation ratio of 1.09 was obtained 

at 70% concentration level. Beyond the 70% concentration level the jet solidify before 

deposit on collector. Thus, the fiber cannot form. At last but not least, the experiments with 

different needle size were carried to investigate the effects of needle size on fiber size.  The 

needle sizes were directly proportional to the fiber size. As a result, the fiber of 59.96 micron 

was achieved with 24 gauge needle size at 70% concentration level, which was smallest fiber 

achieved yet. Therefore, the multi-layer scaffold was manufactured with this fiber which 

was final experiment of this study. The scaffold with 20 layer was manufactured and 

structural properties was observed. The average diameter of scaffold was found 468 µm and 

491µm in x and y axis respectively. However, the clear height of scaffold cannot observed  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 
 

Experiments were successfully conducted on electrospinning based rapid prototyping 

system. In order to optimize the process, experiments were conducted to check the effect of 

varying initial concentration level, needle at different fabricating conditions. The first 

experiments deals with the concentration levels. The experiments were conducted with 

different concentration level and the effect of its on jet and fiber diameter were analyzed. 

The result purposed to categorized the concentration level in three categories which are fiber 

cannot formed because of low concentration level, fiber formed with gravity flow and fiber 

form with providing an external force to solution. The data make it easy to conclude that 

there is a significant effect of concentration level in fiber diameter. The fiber diameter 

decreased with increased in concentration level. However, the jet diameter has not affected 

by the concentration if it was spin with gravity force which was confirmed by ANOVA 

Analysis. When the concentration level reached to 50% weight of PCL in DMF the solution 

cannot flow itself. Therefore, to create a fiber, in-house developed mechanism was 

introduced which provide an external force over solution to create a flow. The diameter of 

jets and fibers which was created by using an external force was increased compare to gravity 

flow. However, there was a reduction in transformation ratio because after using the 

mechanism the jet diameter has significant increment compare to the jet formed with gravity 

flow. Even though, there was a gap to optimize the fiber shapes. Because the fiber which 

was created at the first and last of experiment has not same fabrication condition. Thus, the 

experiment was conducted by controlling the experimental zone. The three conditions were 

developed which were experiment at normal condition, with blowing the warm air and with 

blowing the compress air inside the experimental zone. Various concentration levels were 

used to create the jet as well as fiber. According to the result, among these three conditions 

the fiber formed with blowing the compress air inside the experimental zone has significant 

effect in fiber properties. Because, with blowing the compress air the jet got quick 

solidification thus it remains similar shape of fiber. The fiber with 71.68 µm was achieved 

with was achieved with this condition at 70% concentration level in the transformation ratio 

of 1.09. Thus, the benchmark of this condition and 70% concentration level was established 

to create a fine fiber. In addition, the next set of experiments has conducted where the ejected 

materials form the needle tip was controlled by varying the needle sizes. The aim of this 

study was to see the effect of needle size in fiber structural properties. The result shows that 

the needle size is directly proportional to fiber diameter. The fiber with 59.96 µm was 

achieved with 24 gauge needle at 70% concentration level. Thus, this study was ended with 

manufacturing and evaluating the multilayer scaffold with smallest fiber.  

 

5.2 Recommendations 
 

Although the cylindrical shape fiber has achieved; however, there are certain developments 

that further need to carried out by which better results will be obtained. 

 Creating a scaffolds in three dimensional by increasing the machine performance. 

 Increasing the stiffness of fiber by adding some additives in polymer solution. 
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SECTION A 

 

Section A appendix includes the jet and fiber images and its measurement of following 

experiments: 

 Experiment with increasing  the concentration level  

 Experiment at normal condition 

 Experiment with 22 gauge needle size 

 

 

SECTION B 

 

Section B appendix includes the jet and fiber images and its measurement of following 

experiments: 

 Experiment with blowing the worm air inside the closed chamber 

 Experiment with blowing the compress air inside the closed chamber 

 

 

 

SECTION C 

 

Section C appendix includes the jet and fiber images and its measurement of following 

experiments: 

 Experiment with 22 gauge  needle size 

 Experiment with 24 gauge needle size 
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SECTION A  

JET IMAGES 

At 25%weight of PCL in DMF 

 

Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Needle size in the box at 800% zoom 41 

Needle diameter  in µm 908 

Resolution of Image 22.15 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 44.29 

4 2 44.29 

6 2 44.29 

8 2 44.29 

Needle size in box at 800% zoom 40 

Needle diameter  in µm 908 

Resolution of Image 22.70 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 2 45.40 

4 2 45.40 

6 2 45.40 

8 2 45.40 

Needle size in box at 800% zoom 40 

Needle diameter  in µm 908 

Resolution of Image 22.70 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter in 

µm 

2 2 45.40 

4 2 45.40 

6 2 45.40 

8 2 45.40 



 

63 

 

At 30% weight of PCL in DMF 

 

Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Needle size in box at 800% zoom 40 

Needle diameter in µm 908 

Resolution of Image 22.70 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 45.40 

4 2 45.40 

6 2 45.40 

9 2 45.40 

Needle size in box at 800% zoom 38 

Needle diameter  in µm 908 

Resolution of Image 23.89 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 47.79 

4 2 47.79 

6 2 47.79 

8 2 47.79 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 908 

Resolution of Image 23.28 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 46.56 

4 2 46.56 

6 2 46.56 

8 2 46.56 
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At 35 % weight of PCL in DMF 

 

Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At 40 % weight of PCL in DMF 

Needle size in box at 800% zoom 40 

Needle diameter  in µm 908 

Resolution of Image 22.70 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 43.24 

4 2 43.24 

6 2 43.24 

8 2 43.24 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 908 

Resolution of Image 21.62 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 45.40 

4 2 45.40 

6 2 45.40 

8 2 45.40 

Needle size in box at 800% zoom 41 

Needle diameter  in µm 908 

Resolution of Image 22.15 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 44.29 

4 2 44.29 

6 2 44.29 

8 2 44.29 
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Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 908 

Resolution of Image 23.28 

Axial Coordinate Z 

mm 

Number 

of  Pixels 

Diameter in 

µm 

2 2 46.56 

4 2 46.56 

6 2 46.56 

8 2 46.56 

Needle size in box at 800% zoom 38 

Needle diameter  in µm 908 

Resolution of Image 23.89 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 2 47.79 

4 2 47.79 

6 2 47.79 

8 2 47.79 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 908 

Resolution of Image 21.62 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 2 43.24 

4 2 43.24 

6 2 43.24 

8 2 43.24 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 908 

Resolution of Image 23.28 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter 

in µm 

2 2 46.56 

4 2 46.56 

6 2 46.56 

8 2 46.56 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 908 

Resolution of Image 21.62 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 43.24 

4 2 43.24 

6 2 43.24 

8 2 43.24 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 908 

Resolution of Image 21.62 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 2 43.24 

4 2 43.24 

6 2 43.24 

8 2 43.24 
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At 50 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 43 

Needle diameter  in µm 908 

Resolution of Image 21.12 

 

 

 

 

 

 

 

 

Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 5 105.58 

4 3 63.35 

6 3 63.35 

8 3 63.35 

Needle size in box at 800% zoom 44 

Needle diameter  in µm 908 

Resolution of Image 20.64 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 6 123.82 

4 4 82.55 

6 2 41.27 

8 2 41.27 

Needle size in box at 800% zoom 44 

Needle diameter  in µm 908 

Resolution of Image 20.64 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter in 

µm 

2 6 123.82 

4 3 61.91 

6 3 61.91 

8 3 61.91 
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At 60 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 74 

Needle diameter  in µm 908 

Resolution of Image 12.27 

 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 5 61.35 

4 5 61.35 

6 5 61.35 

8 5 61.35 

 

Sample 2 

 

Needle size in box at 800% zoom 74 

Needle diameter  in µm 908 

Resolution of Image 12.27 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 5 61.35 

4 5 61.35 

6 5 61.35 

8 5 61.35 

 

Sample 3 

 

Needle size in box at 800% zoom 74 

Needle diameter  in µm 908 

Resolution of Image 12.27 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 5 61.35 

4 5 61.35 

6 5 61.35 

8 5 61.35 
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At 70 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 43 

Needle diameter  in µm 908 

Resolution of Image 21.12 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 3 63.35 

4 3 63.35 

6 3 63.35 

8 3 63.35 

 

Sample 2 

 

Needle size in box at 800% zoom 43 

Needle diameter  in µm 908 

Resolution of Image 21.12 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 3 63.35 

4 3 63.35 

6 3 63.35 

8 3 63.35 

 

Sample 3 

 

Needle size in box at 800% zoom 56 

Needle diameter  in µm 908 

Resolution of Image 16.21 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 4 64.86 

4 4 64.86 

6 4 64.86 

8 4 64.86 
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FIBER IMAGES 

At 25%weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter in 

µm 

Position- 1 14 215.46 

Position- 2 10 153.90 

Position- 3 13 200.07 

Position- 4 13 200.07 

Position- 5 11 169.29 

Position- 6 12 184.68 

 Average  187.24 

 SD 22.65 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter in 

µm 

Position- 1 13 200.07 

Position- 2 14 215.46 

Position- 3 13 200.07 

Position- 4 11 169.29 

Position- 5 13 200.07 

Position- 6 10 153.90 

 Average  189.81 

 SD 23.17 

 

Sample 3 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter in 

µm 

Position- 1 14 215.46 

Position- 2 10 153.90 

Position- 3 13 200.07 

Position- 4 12 184.68 

Position- 5 14 215.46 

Position- 6 13 200.07 

 Average  194.94 

 SD 23.17 
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At 30% weight of PCL in DMF 

 

Sample 1 

 

Different position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 11 184.96 

Position- 2 11 184.96 

Position- 3 11 184.96 

Position- 4 12 201.78 

Position- 5 12 201.78 

Position- 6 10 168.15 

 Average  187.77 

 SD 12.658 

 

Sample 2 

 

Different position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 10 168.15 

Position- 2 10 168.15 

Position- 3 11 184.96 

Position- 4 11 184.96 

Position- 5 10 168.15 

Position- 6 10 168.15 

 Average  173.75 

 SD 8.683 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 10 168.15 

Position- 2 9 151.33 

Position- 3 11 184.96 

Position- 4 10 168.15 

Position- 5 10 168.15 

Position- 6 11 184.96 

 Average  170.95 

 SD 12.66 
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At 35 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 8 134.52 

Position- 2 9 151.33 

Position- 3 9 151.33 

Position- 4 8 134.52 

Position- 5 9 151.33 

Position- 6 10 168.15 

 Average  148.53 

 SD 12.658 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 8 134.52 

Position- 2 10 168.15 

Position- 3 10 168.15 

Position- 4 8 134.52 

Position- 5 8 134.52 

Position- 6 8 134.52 

 Average  145.73 

 SD 17.366 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 9 151.33 

Position- 2 8 134.52 

Position- 3 8 134.52 

Position- 4 9 151.33 

Position- 5 10 168.15 

Position- 6 10 168.15 

 Average  151.33 

 SD 15.04 
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At 40 % weight of PCL in DMF 

 

Sample 1 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 9 127.69 

Position- 2 9 127.69 

Position- 3 8 113.50 

Position- 4 9 127.69 

Position- 5 8 113.50 

Position- 6 8 113.50 

 Average  120.59 

 SD 7.771 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 9 127.69 

Position- 2 10 141.88 

Position- 3 9 127.69 

Position- 4 9 127.69 

Position- 5 8 113.50 

Position- 6 9 127.69 

 Average  127.69 

 SD 8.973 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 8 113.50 

Position- 2 9 127.69 

Position- 3 10 141.88 

Position- 4 9 127.69 

Position- 5 9 127.69 

Position- 6 8 113.50 

 Average  125.32 

 SD 10.68 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 6 108.96 

Position- 2 6 108.96 

Position- 3 6 108.96 

Position- 4 5 90.80 

Position- 5 5 90.80 

Position- 6 6 108.96 

 Average  102.91 

 SD 9.378 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 6 108.96 

Position- 2 6 108.96 

Position- 3 6 108.96 

Position- 4 6 108.96 

Position- 5 6 108.96 

Position- 6 5 90.8 

 Average  105.93 

 SD 7.414 

 

Sample 3 

 

Different  position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 6 108.96 

Position- 2 5 90.8 

Position- 3 6 108.96 

Position- 4 5 90.8 

Position- 5 6 108.96 

Position- 6 7 127.12 

 Average  105.93 

 SD 13.67 
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At 50 % weight of PCL in DMF 

 

Sample 1 

 

Different  position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 127.12 

Position- 2 7 127.12 

Position- 3 8 145.28 

Position- 4 6 108.96 

Position- 5 7 127.12 

Position- 6 7 127.12 

 Average  127.12 

 SD 11.485 

 

Sample 2 

 

Different  position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 127.12 

Position- 2 6 108.96 

Position- 3 7 127.12 

Position- 4 6 108.96 

Position- 5 7 127.12 

Position- 6 6 108.96 

 Average  118.04 

 SD 9.947 

 

Sample 3 

 

Different  position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 127.12 

Position- 2 7 127.12 

Position- 3 7 127.12 

Position- 4 7 127.12 

Position- 5 6 108.96 

Position- 6 7 127.12 

 Average  124.09 

 SD 7.41 
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At 60 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 6 100.89 

Position- 2 6 100.89 

Position- 3 7 117.70 

Position- 4 7 117.70 

Position- 5 6 100.89 

Position- 6 6 100.89 

 Average  106.49 

 SD 8.683 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 117.70 

Position- 2 7 117.70 

Position- 3 6 100.89 

Position- 4 7 117.70 

Position- 5 6 100.89 

Position- 6 6 100.89 

 Average  109.30 

 SD 9.210 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 117.70 

Position- 2 7 117.70 

Position- 3 6 100.89 

Position- 4 6 100.89 

Position- 5 7 117.70 

Position- 6 7 117.70 

 Average  112.10 

 SD 8.68 
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At 70 % weight of PCL in DMF 

 

Sample 1 

 

Different position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 84.07 

Position- 2 5 84.07 

Position- 3 5 84.07 

Position- 4 4 67.26 

Position- 5 6 100.89 

Position- 6 6 100.89 

 Average  86.88 

 SD 12.658 

 

Sample 2 

 

Different position  

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 6 100.89 

Position- 2 5 84.07 

Position- 3 5 84.07 

Position- 4 5 84.07 

Position- 5 6 100.89 

Position- 6 6 100.89 

 Average  92.48 

 SD 9.210 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 6 100.89 

Position- 2 6 100.89 

Position- 3 5 84.07 

Position- 4 5 84.07 

Position- 5 5 84.07 

Position- 6 5 84.07 

 Average  89.68 

 SD 8.68 
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SECTION B                                            JET IMAGES 

 

(Experiment with blowing the worm air inside the closed chamber) 

 

At 45 % weight of PCL in DMF 

 

Sample 1 

Needle size in box at 800% zoom 48 

Needle diameter  in µm 908 

Resolution of Image 18.92 

 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 37.83 

4 2 37.83 

6 2 37.83 

8 2 37.83 

 

Sample 2 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate Z 

mm 

Number of 

Pixels 

Diameter in 

µm 

2 2 39.48 

4 2 39.48 

6 2 39.48 

8 2 39.48 

 

Sample 3 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate Z 

mm 

Number of  

Pixels 

Diameter in 

µm 

2 2 39.48 

4 2 39.48 

6 2 39.48 

8 2 39.48 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 59.22 

4 3 59.22 

6 3 59.22 

8 3 59.22 

 

Sample 2 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 59.22 

4 3 59.22 

6 3 59.22 

8 3 59.22 

 

Sample 3 

 

Needle size in box at 800% zoom 45 

Needle diameter  in µm 908 

Resolution of Image 20.18 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 60.53 

4 3 60.53 

6 3 60.53 

8 3 60.53 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 74 

Needle diameter  in µm 908 

Resolution of Image 12.27 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 5 61.35 

4 5 61.35 

6 5 61.35 

8 5 61.35 

 

Sample 2 

 

Needle size in box at 800% zoom 74 

Needle diameter  in µm 908 

Resolution of Image 12.27 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 5 61.35 

4 5 61.35 

6 5 61.35 

8 5 61.35 

 

Sample 3 

 

Needle size in box at 800% zoom 73 

Needle diameter  in µm 908 

Resolution of Image 12.44 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 5 62.19 

4 5 62.19 

6 5 62.19 

8 5 62.19 
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At 70% weight of PCL in DMF 

Sample 1 

 

Needle size in box at 800% zoom 56 

Needle diameter  in µm 908 

Resolution of Image 16.21 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 4 64.86 

4 4 64.86 

6 4 64.86 

8 4 64.86 

 

Sample 2 

 

Needle size in box at 800% zoom 57 

Needle diameter  in µm 908 

Resolution of Image 15.93 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 4 63.72 

4 4 63.72 

6 4 63.72 

8 4 63.72 

 

Sample 3 

 

Needle size in box at 800% zoom 56 

Needle diameter  in µm 908 

Resolution of Image 16.21 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 4 64.86 

4 4 64.86 

6 4 64.86 

8 4 64.86 
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FIBER IMAGES 

 

At 45 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 8 137.06 

Position- 2 7 119.92 

Position- 3 8 137.06 

Position- 4 7 119.92 

Position- 5 7 119.92 

Position- 6 8 137.06 

 Average  128.49 

 SD 9.384 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 8 137.06 

Position- 2 8 137.06 

Position- 3 9 154.19 

Position- 4 8 137.06 

Position- 5 7 119.92 

Position- 6 7 119.92 

 Average  134.20 

 SD 12.897 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 10 171.32 

Position- 2 9 154.19 

Position- 3 7 119.92 

Position- 4 8 137.06 

Position- 5 9 154.19 

Position- 6 8 137.06 

 Average  145.62 

 SD 17.97 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter in 

µm 

Position- 1 8 145.28 

Position- 2 6 108.96 

Position- 3 7 127.12 

Position- 4 6 108.96 

Position- 5 8 145.28 

Position- 6 7 127.12 

 Average  127.12 

 SD 16.243 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter in 

µm 

Position- 1 8 145.28 

Position- 2 7 127.12 

Position- 3 8 145.28 

Position- 4 7 127.12 

Position- 5 8 145.28 

Position- 6 7 127.12 

 Average  136.20 

 SD 9.947 

 

Sample 3 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 7 127.12 

Position- 2 7 127.12 

Position- 3 6 108.96 

Position- 4 8 145.28 

Position- 5 9 163.44 

Position- 6 7 127.12 

 Average  133.17 

 SD 18.76 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of  

Pixels 

Diameter 

in µm 

Position- 1 7 132.42 

Position- 2 7 132.42 

Position- 3 6 113.50 

Position- 4 7 132.42 

Position- 5 7 132.42 

Position- 6 6 113.50 

 Average  126.11 

 SD 9.769 

 

Sample 2 

 

Different position 

in fiber span 

Number of  

Pixels 

Diameter 

in µm 

Position- 1 8 151.33 

Position- 2 8 151.33 

Position- 3 7 132.42 

Position- 4 7 132.42 

Position- 5 7 132.42 

Position- 6 7 132.42 

 Average  138.72 

 SD 9.769 

 

Sample 3 

 

Different position 

in fiber span 

Number of  

Pixels 

Diameter 

in µm 

Position- 1 6 113.50 

Position- 2 7 132.42 

Position- 3 7 132.42 

Position- 4 6 113.50 

Position- 5 7 132.42 

Position- 6 8 151.33 

 Average  129.26 

 SD 14.24 
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At 70% weight of PCL in DMF 
 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 10 114.94 

Position- 2 11 126.43 

Position- 3 11 126.43 

Position- 4 11 126.43 

Position- 5 11 126.43 

Position- 6 11 126.43 

 Average  124.51 

 SD 4.692 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter in 

µm 

Position- 1 10 114.9367089 

Position- 2 10 114.9367089 

Position- 3 10 114.9367089 

Position- 4 10 114.9367089 

Position- 5 12 137.9240506 

Position- 6 12 137.9240506 

 Average  122.60 

 SD 11.871 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter in 

µm 

Position- 1 12 137.9240506 

Position- 2 12 137.9240506 

Position- 3 11 126.4303797 

Position- 4 11 126.4303797 

Position- 5 10 114.9367089 

Position- 6 10 114.9367089 

 Average  126.43 

 SD 10.28 
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JET IMAGES 

 

(Experiment with blowing the compress air inside the closed chamber) 

 

At 25 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 51 

Needle diameter  in µm 908 

Resolution of Image 17.80 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 53.41 

4 3 53.41 

6 3 53.41 

8 3 53.41 

 

Sample 2  

 

Needle size in box at 800% zoom 51 

Needle diameter  in µm 908 

Resolution of Image 17.80 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 53.41 

4 3 53.41 

6 3 53.41 

8 3 53.41 

 

Sample 3  

 

Needle size in box at 800% zoom 53 

Needle diameter  in µm 908 

Resolution of Image 17.13 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 51.40 

4 3 51.40 

6 3 51.40 

8 3 51.40 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 53 

Needle diameter  in µm 908 

Resolution of Image 17.13 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 51.40 

4 3 51.40 

6 3 51.40 

8 3 51.40 

 

Sample 2 

 

Needle size in box at 800% zoom 56 

Needle diameter  in µm 908 

Resolution of Image 16.21 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 48.64 

4 3 48.64 

6 3 48.64 

8 3 48.64 

 

Sample 3 

 

Needle size in box at 800% zoom 55 

Needle diameter  in µm 908 

Resolution of Image 16.51 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 49.53 

4 3 49.53 

6 3 49.53 

8 3 49.53 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 59.22 

4 3 59.22 

6 3 59.22 

8 3 59.22 

 

Sample 2 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 908 

Resolution of Image 19.74 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 59.22 

4 3 59.22 

6 3 59.22 

8 3 59.22 

 

Sample 3 

 

Needle size in box at 800% zoom 47 

Needle diameter  in µm 908 

Resolution of Image 19.32 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 57.96 

4 3 57.96 

6 3 57.96 

8 3 57.96 

 

 

 

 

 

 

 



 

89 

 

At 60% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 60 

Needle diameter  in µm 908 

Resolution of Image 15.13 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 4 60.53 

4 4 60.53 

6 4 60.53 

8 4 60.53 

 

Sample 2 

 

Needle size in box at 800% zoom 59 

Needle diameter  in µm 908 

Resolution of Image 15.39 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 4 61.56 

4 4 61.56 

6 4 61.56 

8 4 61.56 

 

Sample 3 

 

Needle size in box at 800% zoom 59 

Needle diameter  in µm 908 

Resolution of Image 15.39 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 4 61.56 

4 4 61.56 

6 4 61.56 

8 4 61.56 
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At 70% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 55 

Needle diameter  in µm 908 

Resolution of Image 16.51 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 4 66.04 

4 4 66.04 

6 4 66.04 

8 4 66.04 

 

Sample 2 

 

Needle size in box at 800% zoom 55 

Needle diameter  in µm 908 

Resolution of Image 16.51 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 4 66.04 

4 4 66.04 

6 4 66.04 

8 4 66.04 

 

Sample 3 

 

Needle size in box at 800% zoom 56 

Needle diameter  in µm 908 

Resolution of Image 16.21 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 4 64.86 

4 4 64.86 

6 4 64.86 

8 4 64.86 

 

 

 

 

 

 



 

91 

 

 

FIBER IMAGES 

At 25 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter in 

µm 

Position- 1 6 123.82 

Position- 2 6 123.82 

Position- 3 7 144.45 

Position- 4 6 123.82 

Position- 5 7 144.45 

Position- 6 7 144.45 

 Average  134.14 

 SD 11.303 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter in 

µm 

Position- 1 6 123.8181818 

Position- 2 6 123.8181818 

Position- 3 7 144.4545455 

Position- 4 6 123.8181818 

Position- 5 6 123.8181818 

Position- 6 7 144.4545455 

 Average  130.70 

 SD 10.657 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter in 

µm 

Position- 1 7 144.4545455 

Position- 2 6 123.8181818 

Position- 3 6 123.8181818 

Position- 4 6 123.8181818 

Position- 5 7 144.4545455 

Position- 6 6 123.8181818 

 Average  130.70 

 SD 10.66 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 6 108.96 

Position- 2 5 90.80 

Position- 3 4 72.64 

Position- 4 5 90.80 

Position- 5 5 90.80 

Position- 6 5 90.80 

 Average  90.80 

 SD 11.485 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 90.8 

Position- 2 6 108.96 

Position- 3 4 72.64 

Position- 4 6 108.96 

Position- 5 6 108.96 

Position- 6 5 90.8 

 Average  96.85 

 SD 14.828 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 90.8 

Position- 2 5 90.8 

Position- 3 5 90.8 

Position- 4 5 90.8 

Position- 5 5 90.8 

Position- 6 5 90.8 

 Average  90.80 

 SD 0.00 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 90.80 

Position- 2 5 90.80 

Position- 3 4 72.64 

Position- 4 5 90.80 

Position- 5 4 72.64 

Position- 6 5 90.80 

 Average  84.75 

 SD 9.378 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 90.8 

Position- 2 5 90.8 

Position- 3 5 90.8 

Position- 4 4 72.64 

Position- 5 5 90.8 

Position- 6 6 108.96 

 Average  90.80 

 SD 11.485 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 90.8 

Position- 2 4 72.64 

Position- 3 5 90.8 

Position- 4 4 72.64 

Position- 5 5 90.8 

Position- 6 5 90.8 

 Average  84.75 

 SD 9.38 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 4 74.12 

Position- 2 4 74.12 

Position- 3 4 74.12 

Position- 4 5 92.65 

Position- 5 4 74.12 

Position- 6 5 92.65 

 Average  80.30 

 SD 9.569 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 92.65 

Position- 2 4 74.12 

Position- 3 4 74.12 

Position- 4 4 74.12 

Position- 5 4 74.12 

Position- 6 4 74.12 

 Average  77.21 

 SD 7.565 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 5 92.65 

Position- 2 4 74.12 

Position- 3 4 74.12 

Position- 4 4 74.12 

Position- 5 4 74.12 

Position- 6 5 92.65 

 Average  80.30 

 SD 9.57 
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At 70% weight of PCL in DMF 
 

Sample 1 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 4 63.72 

Position- 2 4 63.72 

Position- 3 4 63.72 

Position- 4 5 79.65 

Position- 5 5 79.65 

Position- 6 5 79.65 

 Average  71.68 

 SD 8.725 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter in 

µm 

Position- 1 5 79.64912281 

Position- 2 5 79.64912281 

Position- 3 5 79.64912281 

Position- 4 5 79.64912281 

Position- 5 4 63.71929825 

Position- 6 4 63.71929825 

 Average  74.34 

 SD 8.226 

Sample 3 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter in 

µm 

Position- 1 4 63.71929825 

Position- 2 4 63.71929825 

Position- 3 4 63.71929825 

Position- 4 5 79.64912281 

Position- 5 4 63.71929825 

Position- 6 5 79.64912281 

 Average  69.03 

 SD 8.23 
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SECTION C                                            JET IMAGES 

 

(Experiment with 22 gauge needle size) 

 

At 25 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 565 

Resolution of Image 14.49 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter in 

µm 

2 3 43.46 

4 3 43.46 

6 3 43.46 

8 3 43.46 

 

Sample 2 

 

Needle size in box at 800% zoom 38 

Needle diameter  in µm 565 

Resolution of Image 14.87 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 44.61 

4 3 44.61 

6 3 44.61 

8 3 44.61 

 

Sample 3 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 565 

Resolution of Image 14.49 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 43.46 

4 3 43.46 

6 3 43.46 

8 3 43.46 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 35 

Needle diameter  in µm 717 

Resolution of Image 20.49 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 2 40.97 

4 2 40.97 

6 2 40.97 

8 2 40.97 

 

Sample 2 

 

Needle size in box at 800% zoom 35 

Needle diameter  in µm 717 

Resolution of Image 20.49 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 2 40.97 

4 2 40.97 

6 2 40.97 

8 2 40.97 

 

Sample 3 

 

Needle size in box at 800% zoom 37 

Needle diameter  in µm 717 

Resolution of Image 19.38 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 2 38.76 

4 2 38.76 

6 2 38.76 

8 2 38.76 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 717 

Resolution of Image 17.07 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 51.21 

4 3 51.21 

6 3 51.21 

8 3 51.21 

 

Sample 2 

 

Needle size in box at 800% zoom 43 

Needle diameter  in µm 717 

Resolution of Image 16.67 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 50.02 

4 3 50.02 

6 3 50.02 

8 3 50.02 

 

Sample 3 

 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 717 

Resolution of Image 17.07 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 51.21 

4 3 51.21 

6 3 51.21 

8 3 51.21 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 40 

Needle diameter  in µm 717 

Resolution of Image 17.93 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 53.78 

4 3 53.78 

6 3 53.78 

8 3 53.78 

 

Sample 2 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 717 

Resolution of Image 18.38 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 55.15 

4 3 55.15 

6 3 55.15 

8 3 55.15 

 

Sample 3 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 717 

Resolution of Image 18.38 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 55.15 

4 3 55.15 

6 3 55.15 

8 3 55.15 
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At 70% weight of PCL in DMF 
 

Sample 1 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 717 

Resolution of Image 18.38 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 55.15 

4 3 55.15 

6 3 55.15 

8 3 55.15 

 

Sample 2 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 717 

Resolution of Image 18.38 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 3 55.15 

4 3 55.15 

6 3 55.15 

8 3 55.15 

 

Sample 3 

 

Needle size in box at 800% zoom 38 

Needle diameter  in µm 717 

Resolution of Image 18.87 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 56.61 

4 3 56.61 

6 3 56.61 

8 3 56.61 
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FIBER IMAGES 

 

At 25 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 113.50 

Position- 2 8 129.71 

Position- 3 8 129.71 

Position- 4 9 145.93 

Position- 5 7 113.50 

Position- 6 7 113.50 

 Average  124.31 

 SD 13.239 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 7 113.50 

Position- 2 7 113.50 

Position- 3 7 113.50 

Position- 4 9 145.93 

Position- 5 8 129.71 

Position- 6 9 145.93 

 Average  127.01 

 SD 15.94 

 

Sample 3 

 

Different  position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 8 129.714 

Position- 2 7 113.500 

Position- 3 8 129.714 

Position- 4 7 113.500 

Position- 5 9 145.929 

Position- 6 7 113.500 

 Average  124.310 

 SD 13.239 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Different  position  

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 4 74.12 

Position- 2 5 92.65 

Position- 3 4 74.12 

Position- 4 4 74.12 

Position- 5 5 92.65 

Position- 6 4 74.12 

 Average  80.30 

 SD 9.569 

 

Sample 1 

 

Different  position  

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 5 92.65 

Position- 2 5 92.65 

Position- 3 5 92.65 

Position- 4 4 74.12 

Position- 5 4 74.12 

Position- 6 4 74.12 

 Average  83.39 

 SD 10.150 

 

Sample 3 

 

Different  position  

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 4 74.12 

Position- 2 5 92.65 

Position- 3 4 74.12 

Position- 4 4 74.12 

Position- 5 4 74.12 

Position- 6 5 92.65 

 Average  80.30 

 SD 9.57 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 6 92.34 

Position- 2 5 76.95 

Position- 3 4 61.56 

Position- 4 5 76.95 

Position- 5 4 61.56 

Position- 6 5 76.95 

 Average  74.38 

 SD 11.585 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 5 76.95 

Position- 2 5 76.95 

Position- 3 5 76.95 

Position- 4 4 61.56 

Position- 5 5 76.95 

Position- 6 5 76.95 

 Average  74.38 

 SD 6.283 

 

Sample 3 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 5 76.94 

Position- 2 5 76.94 

Position- 3 5 76.94 

Position- 4 4 61.55 

Position- 5 6 92.33 

Position- 6 5 76.94 

 Average  76.95 

 SD 9.73 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of  

Pixels 

Diameter 

in µm 

Position- 1 4 72.64 

Position- 2 4 72.64 

Position- 3 4 72.64 

Position- 4 3 54.48 

Position- 5 4 72.64 

Position- 6 4 72.64 

 Average  69.61 

 SD 7.414 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 72.64 

Position- 2 4 72.64 

Position- 3 4 72.64 

Position- 4 4 72.64 

Position- 5 4 72.64 

Position- 6 4 72.64 

 Average  72.64 

 SD 0.000 

 

Sample 3 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 5 90.8 

Position- 2 4 72.64 

Position- 3 4 72.64 

Position- 4 4 72.64 

Position- 5 4 72.64 

Position- 6 4 72.64 

 Average  75.67 

 SD 7.41 
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At 70% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 68.53 

Position- 2 3 51.40 

Position- 3 4 68.53 

Position- 4 4 68.53 

Position- 5 4 68.53 

Position- 6 4 68.53 

 Average  65.67 

 SD 6.994 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 68.53 

Position- 2 4 68.53 

Position- 3 3 51.40 

Position- 4 4 68.53 

Position- 5 4 68.53 

Position- 6 3 51.40 

 Average  62.82 

 SD 8.847 

 

Sample 3 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 68.53 

Position- 2 4 68.53 

Position- 3 4 68.53 

Position- 4 3 51.40 

Position- 5 4 68.53 

Position- 6 4 68.53 

 Average  65.67 

 SD 6.99 
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JET IMAGES 

 

(Experiment with 24 gauge needle size) 

 

At 25 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 31 

Needle diameter  in µm 565 

Resolution of Image 18.23 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 2 36.45 

4 2 36.45 

6 2 36.45 

8 2 36.45 

 

Sample 2 

 

Needle size in box at 800% zoom 32 

Needle diameter  in µm 565 

Resolution of Image 17.66 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 35.31 

4 2 35.31 

6 2 35.31 

8 2 35.31 

 

Sample 3 

 

Needle size in box at 800% zoom 31 

Needle diameter  in µm 565 

Resolution of Image 18.23 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 2 36.45 

4 2 36.45 

6 2 36.45 

8 2 36.45 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 26 

Needle diameter  in µm 565 

Resolution of Image 21.73 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 43.46 

4 2 43.46 

6 2 43.46 

8 2 43.46 

 

Sample 2 

 

Needle size in box at 800% zoom 27 

Needle diameter  in µm 565 

Resolution of Image 20.93 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 2 41.85 

4 2 41.85 

6 2 41.85 

8 2 41.85 

 

Sample 3 

 

Needle size in box at 800% zoom 28 

Needle diameter  in µm 565 

Resolution of Image 20.18 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 2 40.36 

4 2 40.36 

6 2 40.36 

8 2 40.36 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 46 

Needle diameter  in µm 565 

Resolution of Image 12.28 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 4 49.13 

4 4 49.13 

6 4 49.13 

8 4 49.13 

 

Sample 2 

 

Needle size in box at 800% zoom 33 

Needle diameter  in µm 565 

Resolution of Image 17.12 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 51.36 

4 3 51.36 

6 3 51.36 

8 3 51.36 

 

Sample 3 

 

Needle size in box at 800% zoom 34 

Needle diameter  in µm 565 

Resolution of Image 16.62 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 49.85 

4 3 49.85 

6 3 49.85 

8 3 49.85 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 33 

Needle diameter  in µm 565 

Resolution of Image 17.12 

 

Axial Coordinate 

Z mm 

Number 

of  Pixels 

Diameter 

in µm 

2 3 51.36 

4 3 51.36 

6 3 51.36 

8 3 51.36 

 

Sample 2 

 

Needle size in box at 800% zoom 32 

Needle diameter  in µm 565 

Resolution of Image 17.66 

 

Axial Coordinate 

Z mm 

Number 

of Pixels 

Diameter 

in µm 

2 3 52.97 

4 3 52.97 

6 3 52.97 

8 3 52.97 

 

Sample 3 

 

Needle size in box at 800% zoom 31 

Needle diameter  in µm 565 

Resolution of Image 18.23 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 54.68 

4 3 54.68 

6 3 54.68 

8 3 54.68 
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At 70% weight of PCL in DMF 

 

Sample 1 

 

Needle size in box at 800% zoom 31 

Needle diameter  in µm 565 

Resolution of Image 18.23 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 3 54.68 

4 3 54.68 

6 3 54.68 

8 3 54.68 

 

Sample 2 

 

Needle size in box at 800% zoom 42 

Needle diameter  in µm 565 

Resolution of Image 13.45 

 

Axial Coordinate 

Z mm 

Number of  

Pixels 

Diameter 

in µm 

2 4 53.81 

4 4 53.81 

6 4 53.81 

8 4 53.81 

 

Sample 3 

 

Needle size in box at 800% zoom 39 

Needle diameter  in µm 565 

Resolution of Image 14.49 

 

Axial Coordinate 

Z mm 

Number of 

Pixels 

Diameter 

in µm 

2 4 57.95 

4 4 57.95 

6 4 57.95 

8 4 57.95 
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At 25 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 7 113.50 

Position- 2 7 113.50 

Position- 3 8 129.71 

Position- 4 6 97.29 

Position- 5 7 113.50 

Position- 6 6 97.29 

 Average  110.80 

 SD 12.206 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 8 129.71 

Position- 2 6 97.29 

Position- 3 7 113.50 

Position- 4 6 97.29 

Position- 5 7 113.50 

Position- 6 6 97.29 

 Average  108.10 

 SD 13.239 

 

Sample 3 

 

Different position 

in fiber span 

Number of  

Pixels 

Diameter 

in µm 

Position- 1 8 129.71 

Position- 2 7 113.50 

Position- 3 8 129.71 

Position- 4 7 113.50 

Position- 5 6 97.29 

Position- 6 6 97.29 

 Average  113.50 

 SD 14.50 
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At 45 % weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 71.22 

Position- 2 4 71.22 

Position- 3 4 71.22 

Position- 4 4 71.22 

Position- 5 4 71.22 

Position- 6 5 89.02 

 Average  74.18 

 SD 7.268 

 

Sample 2 

 

Different position 

in fiber span 

Number of 

Pixels 

Diameter 

in µm 

Position- 1 4 71.22 

Position- 2 3 53.41 

Position- 3 4 71.22 

Position- 4 4 71.22 

Position- 5 4 71.22 

Position- 6 5 89.02 

 Average  71.22 

 SD 11.260 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter in 

µm 

Position- 1 4 71.21568627 

Position- 2 4 71.21568627 

Position- 3 4 71.21568627 

Position- 4 4 71.21568627 

Position- 5 4 71.21568627 

Position- 6 3 53.41176471 

 Average  68.25 

 SD 7.27 
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At 50% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 4 61.56 

Position- 2 5 76.95 

Position- 3 5 76.95 

Position- 4 4 61.56 

Position- 5 5 76.95 

Position- 6 4 61.56 

 Average  69.25 

 SD 8.429 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 6 92.33 

Position- 2 5 76.94 

Position- 3 5 76.94 

Position- 4 4 61.55 

Position- 5 4 61.55 

Position- 6 4 61.55 

 Average  71.82 

 SD 12.566 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 4 61.55 

Position- 2 4 61.55 

Position- 3 4 61.55 

Position- 4 4 61.55 

Position- 5 5 76.94 

Position- 6 5 76.94 

 Average  66.69 

 SD 7.95 
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At 60% weight of PCL in DMF 

 

Sample 1 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 4 74.12 

Position- 2 3 55.59 

Position- 3 4 74.12 

Position- 4 4 74.12 

Position- 5 3 55.59 

Position- 6 4 74.12 

 Average  67.95 

 SD 9.569 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 3 55.59 

Position- 2 4 74.12 

Position- 3 3 55.59 

Position- 4 4 74.12 

Position- 5 3 55.59 

Position- 6 4 74.12 

 Average  64.86 

 SD 10.150 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of Pixels 

Diameter 

in µm 

Position- 1 3 55.59 

Position- 2 3 55.59 

Position- 3 3 55.59 

Position- 4 4 74.12 

Position- 5 4 74.12 

Position- 6 4 74.12 

 Average  64.86 

 SD 10.15 
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At 70% weight of PCL in DMF 
 

Sample 1 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 3 51.40 

Position- 2 3 51.40 

Position- 3 4 68.53 

Position- 4 4 68.53 

Position- 5 4 68.53 

Position- 6 4 68.53 

 Average  62.82 

 SD 8.847 

 

Sample 2 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 4 68.53 

Position- 2 3 51.40 

Position- 3 3 51.40 

Position- 4 3 51.40 

Position- 5 4 68.53 

Position- 6 3 51.40 

 Average  57.11 

 SD 8.847 

 

Sample 3 

 

Different position 

in fiber span 

Number 

of  Pixels 

Diameter 

in µm 

Position- 1 4 68.53 

Position- 2 3 51.40 

Position- 3 3 51.40 

Position- 4 3 51.40 

Position- 5 4 68.53 

Position- 6 4 68.53 

 Average  59.96 

 SD 9.38 

 

 


