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Abstract 
Tissue engineering (TE) integrates methods of cells, engineering and materials to 

improve or replace biological functions of native tissues or organs. 3D printing 

technologies have been used in TE to produce different kinds of tissues. Based on 

review of the exiting 3D printing technologies used in TE, special requirements of 

fabricating soft scaffolds are identified. Soft scaffolds provide a microenvironment 

with biocompatibility for living cells proliferation. This research focuses on 3D 

printer design and printing parameters investigation for fabrication of soft scaffolds. A 

3D printer is proposed for producing artificial soft scaffolds, with components of a 

pneumatic dispenser, a temperature controller and a multi-nozzle changing system. 

Relations of 3D printing parameters are investigated to improve the printing quality of 

soft scaffolds. It provides guidance for printing customized bio-materials with 

improved efficiency and quality. In the research, printing parameters are identified 

and classified based on existing research solutions. A deposition model is established 

to analyze the parameters relations. Quantitative criteria of parameters are proposed to 

evaluate the printing quality. A series of experiments including factors experiments 

and comparison tests are conducted to find effects of parameters and their interactions. 

A case study is conducted to verify the analytic solution of proposed models. This 

research confirms that the hydrogel concentration and nozzle diameters have 
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significant effects on the filament diameter. Factor interactions are mainly embodied 

in between the concentration of hydrogel solutions and dispensing pressures. Besides 

filament diameters, the nozzle height and space also affect the printing accuracy 

significantly. An appropriate nozzle height is considered to be 1.4 times than the 

nozzle diameter, and a reasonable nozzle space is suggested from 2.0 to 2.5 times of 

the nozzle diameter. 
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Chapter 1 

Introduction 

1.1 Research Background 

Tissue engineering (TE) integrates methods of cells, engineering and materials to 

improve or replace biological functions of native tissues or organs (Nerem et al., 

1995). Difference from the autologous tissue transplantation, TE builds biological 

active tissue in vivo to replace the natural organs’ function (Bouten et al., 2011; 

Catros et al., 2011). Artificial tissue and organs can be used as the transplant sources 

with the potential to resolve the problem of severe shortage of human organs. It would 

have the chance to avoid the rejection reaction if using patient’s own cells to produce 

customized organ. The dominant TE method is scaffolds fabrication. The scaffolds 

provide intricate tissue structure and mechanical support to cell proliferation with 

desired functions (Li, 2012). Therefore, building the scaffolds of artificial tissues is a 

vital process in TE. According to the property of materials, scaffolds can be classified 

into hard scaffolds and soft scaffolds. The hard scaffolds are normally used for 

fabrication of the artificial bone while the soft scaffolds are suitable for soft tissues or 

organs. However, one of the challenges of fabrication scaffolds is to produce the 

intricate scaffolds quickly and precisely. 3D-printing technologies are currently main 
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manufacturing methods to fabricate scaffolds based on a layer-by-layer material 

additive processing. There are three advantages in creating scaffolds using 3D 

printing technologies. (1) Biomaterials, especially cells materials are expensive. It can 

minimize the material waste. (2) It can create complex structures with high structural 

integrity and accurate fineness (Gibson et al., 2010). (3) It is high-efficiency methods 

to build an object in a few hours. 

Many 3D printing technologies have been used for hard tissue production. Most of 

hard scaffolds are used for fabricating artificial bone to replace the damaged and 

incurable bone in the human skeleton (Chen et al., 2006). Hard scaffolds require 

sufficient hardness and toughness. The commonly used materials include metallic 

materials, such as zinc, stainless steel, titanium and chrome alloys, and organic 

materials including polymers, ceramics and composites (Franco et al., 2010). With the 

development of cell encapsulating techniques, 3D printing technologies became 

attractive methods for fabricating soft scaffolds, such as the fabrication of human skin 

substitutes (Koch et al., 2010). 3D soft scaffolds with numerous interconnected 

micro-pores are required to provide a microenvironment with biocompatibility for 

living cells adhesion and proliferation (Park et al., 2011). It is therefore expected to 

have the large amount of micro holes in a unit area of scaffolds for the better cell 

viscosity. Combining with advantages of 3D printing technologies, the soft scaffolds 

can be built following desired 3D models.  

Although much research has been conducted to fabricate scaffolds using 3D printing 

technologies, there are still three main challenges in the process of printing soft 
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scaffolds. The first one is that there is not an ideal bio-material to meet all 

requirements of soft scaffolds although various hydrogels could be used to fabricate 

scaffolds, such as alginate, PLGA, etc. (Pirlo et al., 2012). Secondly, the scaffold 

structure with numerous pores is unstable and easy to collapse. A soft scaffold 

consists of a lot of soft filaments. These filaments are easy to collapse if the material 

cannot solidify to reach a sufficient strength quickly (Fedorovich et al., 2008). Thirdly, 

much research has proposed different criteria for printing parameters based on 

customized materials (Chang et al., 2008; Giannitelli et al., 2014). There is not a 

general solution available for fabricating soft scaffolds. Considering these problems, 

this research presents a proposed 3D printer for fabricating soft scaffolds based on the 

structure design and parameter research. 

1.2 Research Objectives 

The objectives of this research are to propose a 3D printer that can print soft scaffolds 

effectively and to establish the relationship of printing parameters for customized 

materials. Based on literature review of both 3D printing technologies and scaffold 

fabrication requirements, challenges in fabricating soft scaffolds and technical 

feasibilities using 3D printers are summarized. Functions required for ideal 3D 

printers are then presented. Applying the axiomatic design method, the function 

requirements and design solutions are mapped in a demand-design diagram for design 

solutions to meet functions with design parameters. A 3D printer is proposed with a 

mechanical motion system, a pneumatic printing head with a temperature controller, 
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and a printing material bottle changing system. Based on the conceptual design, the 

proposed 3D printer is evaluated to meet the function requirements. Feasibility of the 

mechanical motion structure and the assembly/disassembly convenience of the 

dispenser are evaluated using the computer simulation. Effects of the pneumatic 

printing head are evaluated by experiments on a modified 3D printer. In addition, 

printing parameters are identified and classified in order to establish relations of 

parameters. A 3D deposition model and a mathematical model are built to analyze 

parameters’ relations. A series of experiments are implemented to verify these 

relations and measure their degrees of influence. 

The contributions of this research are as follows: (1) A conceptual design of the ideal 

3D printer for fabricating soft scaffolds is completed and its 3D model is created and 

simulated in the virtual environment. (2) A mathematical deposition model is 

improved to describe the parameters’ relations. (3) Through a full factorial experiment, 

printing parameter guidance is established. The hydrogel concentration and nozzle 

diameters are found that they have significant effects on the filament diameter. The 

interactions between the material concentration and dispensing pressures are 

identified. Beside filament diameters, the nozzle height and space also affect the 

printing accuracy significantly. 

1.3 Thesis Contents and Structure 

As shown in Fig.1-1, this thesis is organized as follows. This Chapter introduces the 

research background, research objectives and the thesis outline. Chapter 2 introduces 
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3D printing technologies for TE, including five dispensing methods, two extruding 

modes and related research methods of the scaffold fabrication. Based on the 

literature review, challenges and research methods are summarized. Chapter 3 

includes proposed methods to search solutions of existing problems identified in 

Chapter 2. A 3D printer is designed based on the need of fabricating soft scaffolds. 

The printer structure and its functions are described. An existing 3D printer called 

RepRap is modified into a liquid material extruding system to fabricate soft scaffolds. 

The modification process and introduction of the existing 3D printer are also 

discussed in Chapter 3. Printing parameter research is introduced in Chapter 4, which 

includes the parameter classification, deposition modeling, scaffold design and 

printing-path planning. Evaluation criteria and evaluation methods are also introduced 

in this chapter. Chapter 5 explains four groups of experiments. Through the 

experiments design and implementation, corresponding results of significant 

parameters and interactions are discussed in this chapter. A case study is described in 

Chapter 6 to further explain the proposed method and to verify the method. In the case 

study, 3D soft scaffolds are fabricated successfully. Chapter 7 concludes the thesis 

and identifies the contributions of the research. Future work is also discussed. 
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Chapter 2 

Literature Review  

2.1 3D-printing Technologies 

Different 3D printing technologies have been used in TE. These technologies can be 

classified into laser solidification systems and nozzle implement systems (Billiet et al., 

2012) as shown in Fig.2-1. 

 
Figure 2-1 3D printing technologies and applications 

 

Stereolithography (SLA) is an additive fabrication process that utilizes a laser beam or 

other light sources, e.g. ultraviolet light, or visible light (Lin et al., 2013), to 

selectively photocure individual layers of the material in a photosensitive liquid 

3D-printing technologies 
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SLA, PSL, 
L-PSL, etc 
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Single cell 
movement 
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polymer vat (Melchels et al., 2010). This method can be used to fabricate scaffolds 

using hydrogels for tissues (Gauvin et al., 2012; Hsieh et al., 2010). Usually, SLA 

technology is not suitable for multi-materials due to a solidify process accompanied 

by the cross contamination between different materials. However, there are many 

significant benefits using the SLA for fabricating multi-material parts, such as the 

high quality surface finish and dimensional accuracy. Moreover, it offers variety 

options of photocurable materials such as implantable materials used in tissue 

engineering, which is a good option for research. 

Two-Photon Polymerization (TPP) is another type of 3D-printing technologies based 

on the laser system (Ostendorf et al., 2006). The working principle of 2PP is a 

photophlymerization process via two photons absorption. TPP have the ability of 

extraordinary precision. Its accuracy and quality is much better than other 3D-printing 

technologies, even in laser-based systems, it has also the highest resolution. Normally, 

its resolution can reach to 100 nanometer. For this reason, TPP techniques can be used 

to print an individual cell (Raimondi et al., 2013). 

Selective Laser Sintering (SLS) technology is also a laser-based rapid prototyping 

technique in which a deflected laser beam selectively scans over the powder surface 

according to the cross-section of the digital model (Williams et al., 2005). The laser 

beam raises the material powder temperature to reach the glass-transition temperature, 

causing surfaces in contact to deform and fuse together. This fabrication process can 

easily fit needs of the complex anatomic geometry. In the TE filed, it is very suitable 

for producing complex porous ceramic matrices applied for the bone implantation 
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realm. It is the most commonly used method for casting artificial bone. With 

improvement of the artificial bone implantation, many new approaches based on SLS 

technologies have been invented in this field (Duan et al., 2010; Heinl et al., 2007; 

Parthasarathy et al., 2010; Warnke et al., 2008; Wehmöller et al., 2005). 

Fused Deposition Modeling (FDM) technology is widely applied in the existing 

desktop 3D printers, such as MakerPot®, RepRap, and Cube®. FDM builds a product 

using a process of layer-by-layer by heating a thermoplastic material to the 

semi-liquid state and extruding it through a nozzle following the computer-controlled 

path, and solidifying quickly. Besides making plastic models, this technology is also 

used to make solid scaffolds using PLA/PCL materials for the cell proliferation (Vaezi 

et al., 2013), or for the artificial bone implantation (Espalin et.al, 2010). The 

drawback of FDM is that the temperature for melting materials is too hot to be 

suitable for the germination of biomolecules in soft scaffolds (Yeong et al., 2004). In 

addition, the modeling process is easy to block the formation of micro-porosity. 

However, the micro-porosity is an important structure in encouraging the cell 

attachment. Therefore, this process only fits to create hard scaffolds. 3D 

fibre-deposition techniques (Moroni et al., 2006), Precision Extruding Deposition 

(PED) (Shor et al., 2009), Precise Extrusion Manufacturing (PEM) (Hutmacher et al., 

2004) and Multiphase Jet Solidification (MJS) are some variants of the FDM. Their 

working principles and systems are similar to FDM. They are all based on a melting 

process. Obviously, they face to the same problem as soft scaffold printing. 
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Using the similar principle of FDM, the 3D bio-plotting system is another technology 

used for fabricating scaffolds. A 3D bio-plotting system has been developed with the 

registered trademark, 3D plotters™. Various 3D bio-plotting technologies have been 

proposed (Geng et al., 2009; Schuurman et al., 2011). The 3D plotting process allows 

soft scaffolds to use a variety of polymers as well as pastes, plastisols, solutions, 

reactive oligomers and sealants. The inkjet printer is another widely used technology 

for soft scaffold building. Its resolution is higher than 3D bio-plotting systems. It is 

suitable for printing most of hydrogels and cell suspensions. Both 3D plotting and 

Inkjet printing methods are in common suitable for liquid materials. But inkjet 

printers can only use low viscosity materials. By contrast, the 3D bio-plotting 

technology is better in the material adaptability than that of inkjet printing, which can 

print high viscosity materials. 

Based on above analysis, the key 3D printing technologies’ features are summarized 

into Table 2-1. The resolution of laser-based systems is considered higher than that of 

nozzle-based systems. The TPP has the highest resolution in the laser system, which 

is used for controlling one by one cell movement. SLA and its variants (PSL, VL-PSL, 

M-SL, etc.) are appropriate for microstructure scaffolds for the cell proliferation. SLS 

and its variants (SLM, EBM, etc.) are suitable for solid products. They are normally 

used in engineering artificial bone tissue. FDM and its variants (PED, PEM, MJS, etc.) 

are all based on a melting and solidified process. They are not suitable for printing 

hydrogels, and only for the solid scaffold fabrication using polymer composite 
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materials. 3D plotters™ and Inkjet printer technologies are good for both soft 

scaffolds and cell solutions.  

Table 2-1 Comparison of the key 3D printing technologies 

Process Advantages Disadvantages Material  Resolution 

L
as

er
 b

as
ed

 

SLA High resolution, no 

support structure needed, 

room temperature,  

Complicated process, 

limited bio-printing 

material, not suitable  

for multi-material 

printing 

Photochromics, eg. 

Photocurable 

polymers, alumina 

2 

TPP Extremely high 

resolution, no support 

structure needed, room 

temperature 

Complicated process, 

limited bio-printing 

material, not suitable  

for multi-material 

printing 

polymer 0.1 

SLS No support structure 

needed, multi-material 

printing, 

Complicated process, 

Low resolution, High 

temperature,  

Metals and ceramics, 

eg. Titanium, Al, 

molybdenum 

30 

N
oz

zl
e 

ba
se

d
 

FDM Simple process, no 

support structure needed,  

multi-material printing 

High temperature, 

limited bio-printing 

material, middle 

resolution  

Thermoplastics, eg. 

ABS, PLA 

50 

3D 

plotters 

Simple process, wide 

range of biomaterial, 

suitable for majority of 

liquid materials, suitable 

for multi-material 

printing, room 

temperature 

Middle resolution, need 

support structure in 

printing process 

Liquid material 50 

Inkjet 

printer 

Wide range of 

biomaterial, ability of 

multi-material printing, 

high resolution, room 

temperature 

Complex process, only 

used for low viscosity 

materials, need support 

structure in printing 

process 

Liquid material with 

viscosity lower than 

10 mPas 

30 

 

2.2 Dispensing Technologies 

The printing head of a bio-3D printer used for fabricating soft scaffolds has to have 

the ability to print liquid materials. Moreover, it needs to accommodate different 
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printing materials in the fabrication process without damaging the biological function 

of living cells. Both inkjet and 3D plotter technologies can meet this requirement. For 

details, there are five types of technologies used for printing head: thermal (Cui et al., 

2009), piezoelectric (Yamaguchi et al., 2012), solenoid (Staymates et al., 2013), 

mechanical and pneumatic methods (Basi et al., 2012; Verkouteren et al., 2011) in 

Table 2-2. Thermal technology is based on the phenomenon of thermal expansion 

where materials deform under different temperatures. The printing materials are 

extruded when the temperature changes. Piezoelectric technology is similar with the 

thermal technology. When an electrical charge is applied to a piezoelectric material, 

the material shape would be changed. The printing material would be extruded due to 

the volume change of the piezoelectric printing heads. Solenoid printing head is 

controlled by an electric current through a solenoid. A valve in the nozzle is switched 

on or off to regulate the liquid flow. Mechanical printing head extrudes the printing 

material through a piston driven by a step motor. Pneumatic nozzle utilizes the high 

pressure air to extrude printing materials. Thermal, piezoelectric and solenoid 

technologies are controlled by a series of instantaneous voltages. They can achieve a 

high control precision. But these three methods cannot be used for the printing 

process of high viscosity materials. By contrast, the mechanical printing head 

produces a lower resolution result than these three methods, but it can work under 

high viscosity printing materials with an advantage of high throughput. The structure 

of the pneumatic printing head is simpler than other types, which has the similar 

resolution as the mechanical printing head. As the nozzle size used for the thermal or 
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piezoelectric printing heads is normally less than the size of a cell, the overlarge shear 

force can destroy the cellular structure.  

Table 2-2．Comparison of dispenser technologies 

2.3 Extruding Modes 

Most of printing hydrogel methods uses 3D plotting related technologies. FDM, 3D 

plotter and inkjet printer all belong to nozzle-based 3D- printing technologies. One of 

the most important parts in these printers is their printing heads. According to 

working methods, the nozzle-based 3D printers provide two types of modes for 

dispensing materials as shown in Fig. 2-2. They are known as Drop on Demand (DoD) 

and Continuous inkjet (CIJ) modes (Xu et al., 2012), respectively. 

CIJ methods extrude materials under a constant pressure. A continuous material 

filament is formed out of the nozzle with moving printing head. It can be used to 

fabricate the solid structure layer by layer. DoD yields discrete droplets at desired 

locations to form a 3D model. It can also form a line by depositing several droplets. 

Comparing with the CIJ mode using a constant pressure, the DoD mode needs an 

instantaneous high pressure to extrude the material and an instantaneous low pressure 

Dispenser Technologies Process Deposition mode Advantages Disadvantages 

Mechanical 
Lead screw drive or 

linear stepping motor 
CIJ 

high throughput; 

high flexibility of viscosity 
Low resolution 

Solenoid 
Frequency pulse of 

voltage 
CIJ/DOD High resolution 

Low throughput; 

Low viscosity 

Piezoelectric 
Frequency pulse of 

voltage 
DOD 

High resolution 

 

Low throughput; 

Low viscosity 

Pneumatic 
Frequency pulse of air 

pressure 
CIJ/DOD 

Simple structure; 

high flexibility of viscosity 
Middle resolution 

Thermal 
Frequency pulse of 

heating resistor 
DOD High resolution 

Low throughput; 

Low viscosity 
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to avoiding redundant liquid material spray out. A key facture of the DoD mode is its 

smaller drop size and higher accuracy than CIJ. The advantages of CIJ accept higher 

viscosity with higher efficiency than those from DoD modes. These two type 

technologies have been employed in manufacturing soft scaffolds. CIJ is more 

specifically suited to 3D plotting systems and DoD is better for the inkjet printing 

process.  

 

Figure 2-2 Dispensing modes (a) Continuous inkjet mode (b) Drop on Demand mode 

2.4 Design of Experiments (DoE) 

Design of experiments (DoE) is a type of systematic experimental design methods. It 

is used for experiments to investigate the effect of some processes or interventions of 

some experimental units (Montgomery et al., 2008). DoE is an effective strategy that 

can identify significant variable and optimize the experimental process (Decaris et al., 

2011). Especially for multi-factor experiments, DoE provides an efficient approach to 

investigate interactions of selected parameters (Hoelzle et al., 2008; Rahmanian et al., 

2011). There are many research publications using this method for the scaffold 

fabrication. For example, Chen et al. report an optimization research of cell seeding in 
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scaffolds. They use DoE methods to collect data and quantify key parameters. Kim et 

al. present a new rapid prototyping system. It can deposit hybrid scaffolds precisely. 

In this study, the optimization of a deposition process is investigated using the DoE 

approach. The key factors in the deposition process are identified and analyzed to 

assess their mechanism of actions on the fabrication quality of scaffolds. 

2.5 Methods of Fabricating Scaffolds 

Fabricating soft hydrogel scaffolds for the tissue culture requires the preferable 

geometric fidelity and biocompatibility. Printing parameters have significant effects 

on the printing quality. For instance, the excessive printing pressure and shear stress 

would cause the damage of cells. Due to the combined effects of response rates of the 

printing head and hydrogel shear rates, a delay of the extruding printing material 

would occur at the beginning of a printing period. On the contrary, at the end of 

printing process the extrusion of materials is always behind the action of the printing 

head. For solving this problem, the compensation volume was proposed by Song et al. 

(2011). Besides above factors, the homogeneity of printing materials also has the 

impact on the printing quality. Cohen et al. (2008) improved the geometric fidelity of 

hydrogel models printed by a liquid 3D printer for enhancing the hydrogel 

homogeneity. 

Besides the geometric fidelity of scaffolds, the viability of encapsulated cells in soft 

scaffolds is also a prime criterion of successful scaffolds. Fedorovich et al. (2011) 

confirmed that the porosity of scaffolds can enhance cells’ viability and the 
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proliferation capability. They obtained this solution through comparing the effect of 

cell biochemical reactions between porous hydrogel scaffolds and solid hydrogel 

structures in experiments. Therefore, pursuing a high porosity is the major research 

direction in TE. Some factors, such as excessive pressure and narrow needle nozzle, 

can reduce the viability of cells (Aguado et al., 2011).  

Majority of methods of fabricating soft scaffolds uses following steps. (1) Using an 

existing 3D printer or modifying a 3D printer for the need; (2) Investigating 

parameters to optimize the printing quality; (3) Fabricating the hydrogel-based soft 

scaffolds; (4) Testing viability of encapsulated cells in the scaffolds. Previous studies 

aimed at fabricating soft porous scaffolds made by specific biomaterials with good 

biocompatibility and no cytotoxicity. Due to most bio-materials are customized, the 

material properties need to be measured every time. Otherwise, the printing quality 

would not follow the desired geometrical shape. In order to enhance the printing 

accuracy, some effects of parameters was observed intuitively according to the 

printing experiments. However, these data are based on individual parameters for 

specific materials. There is not a systematic parameter analysis for interactions 

between printing parameters and printing materials. For example, Billiet et al. (2014) 

built a macro porous gelatin structure using the 3D plotting technology. Factors 

including the printing temperature, pressure, speed, and material concentration were 

analyzed. After regulating these parameters, hydrogel scaffolds with the 

high-interconnected porous structure was built. Wüst et al. (2014) reported an 

investigation of the rheological property of the hydrogel, such as viscosity and swell 
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rate, using the ANOVA method. Analysis of variance (ANOVA) is used to analyze 

differences between group means and their variation. (Pedersen,1985). Besides the 

immediate impact, interactions with other factors also need to be considered. 

Therefore, it is hard to reveal the interaction between multi-factors. Design of 

experiment methods are used to investigate the impact of printing parameters and 

their interactions. For instance, Domingos et al. (2012) reported a study on effects of 

printing parameters in fabricating PCL scaffolds using the experimental method. 

Although the factor experiment can be used to investigate interactions of factors, this 

method is not applied well for conditions when many factors need to be studied. For 

this reason, a fractional factor experiment was adopted to simplify the experiments’ 

workload. For example, Cummins et al. (2011) used fractional factorial design 

experiments to develop and optimize the printing parameters in a DoD inkjet printing 

process. But parameter interactions were not considered. 

Instead of making hydrogel scaffolds, a scaffold-free TE approach called the 3D 

mold-printing technology was developed to fabricate TE parts (Mironov et al., 2011). 

For example, Tan et al. (2014) developed a new 3D printing micro-droplets 

technology to fabricate alginate hydrogel molds. In their study, parameters of both 

concentration of printing materials and droplet volumes were optimized to achieve the 

scaffold-free tissue unit. In addition, Lee et al. (2010) improved a 3D bio-printer 

system used to fabricate the hydrogel structure containing micro-channels. These 

channels can enhance the cell viability as same as porous scaffolds. 
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In summary, laser based 3D printing systems have higher printing accuracy than that 

of nozzle based systems. But their material compatibility has many limitations. The 

3D plotting technology using nozzle based systems has both advantages in accuracy 

and material compatibility. Besides the selected printing technology, the experimental 

approach is another aspect of the scaffold research. DoE is a proven experimental 

design and statistical method. It can effectively identify the significant factors and 

analyze their effects. The existing research has improved the quality of scaffolds 

using different methods, including improving printing devices, optimizing printing 

parameters, and suggesting new processes. However, most researchers focused on the 

customized biomaterials, and the research solutions are limited in the customized 

biomaterials. This research conducts a comprehensive analysis of printing factors 

including printer parameters, material parameters and environment parameters to 

investigate parameter effects on printing quality of scaffolds for a general guidance of 

setting parameters. 
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Chapter 3 

Proposed 3D Printer and Parameters 
 

3.1 3D Printer Requirements 

3.1.1 Materials  

There are many types of materials applied for the soft scaffold production. They can 

be classified into three types, natural materials, synthetic materials and hybrid 

materials (Melchels et al., 2012). The natural material includes gelatine and hydrogel. 

Synthetic materials include PEG-DA (Dhariwala et al., 2004), PEG-PPO-PEG 

(Fedorovich et al., 2008) etc. The hybrid materials are the mixture of natural and 

synthetic materials according to different biological function requirements. A 

common material used for building scaffolds is hydrogels and gelatine that can dry in 

air or chemically harden quickly. Due to materials used to fabricate the soft scaffolds 

are not mature, researchers are developing new bio-materials for the biological 

research, such as the composite chitosan (Miguel et al., 2014), 3D-SC artificial skin 

materials, and hydrogels used for printing the scaffold of human skin (Boucard et al., 

2014; Gong et al., 2014). For this reason, the ability for applying diversity of 

materials is a vital for the bio-3D printer.  
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3.1.2 Printer Structure 

The movement structure of 3D printers has three options (Evans, 2012). The first one 

is that the printing head can move up and down along with z axis and the platform 

moves along x and y axes. These movements can be implemented using step motors 

as drivers. Such as driving systems used in Cube and 3D systemTM 3D printers. The 

second method is that a printing head moves along x and y axes, and the platform 

moves up and down, the advantage is its easier control than other methods. It is 

suitable when using a culture dish on the platform in the lab test. Currently，the 

majority of mainstream desktop 3D printers, such as fab@home, MakepotTM, use this 

structure. The third design, as shown in Fig.3-2, is that the printing head moves along 

3 directions. The platform movement can be eliminated. Its advantage is that it can be 

used in the therapy on patient’s wound directly. For example, it can be placed on 

patients’ wound to dispense repair materials directly onto the wound for accelerating 

the wound healing (Hu et al., 2012). It can also fix a culture dish on its bottom to do 

experiments. 

For the printing head design, it needs a heated pneumatic printing head. As mentioned 

in the literature review, the soft scaffolds are easy to collapse due to the printing 

material is not solidified quickly. On the other side, if the material solidifies too fast, 

the nozzle will be blocked by the solidified material. For this reason, materials need to 

present a semi-liquid state in the pneumatic printing head by keeping it at a certain 

temperature. If a printing material is encapsulated with living cells, it has to be 

maintained in a suitable temperature for the cells survival. The pneumatic printing 
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head as the executive parts that immediately contact with the printing material has to 

be easy for assembly/disassembly from the printer and sterilization. The materials of 

the dispenser should be no-toxic. In addition, the dispenser must be designed to 

reduce the risk of cross-contamination during loading materials. Even more, the 

whole device should be located in a sterile board. 

3.1.3 Printing Parameters 

In order to meet printing quality, printing parameters need to be adjustable to fit 

customized materials. For example, because the printing materials normally are 

encapsulated living cells or other partials, a long process time of printing soft scaffold 

is likely to cause living cells death due to the deficient oxygen and nutrition. For this 

reason, increasing printing speed is a way to enhance the survival rate of cells through 

ameliorating printing paths and increasing the rotator speed of stepping or servo 

motors. But simply increasing speed can reduce the printing resolution. Therefore, it 

is important to decide a suitable speed to meet the printing resolution for different 

materials. As mentioned before, the ideal 3D printer needs to meet different materials. 

Therefore, its nozzle diameter and outlet pressure have to be adjusted according to the 

specific needs of customized materials. Besides that, the printer head also needs to 

provide different temperatures for different materials.  

According to the above analysis, an ideal 3D printer should meet following 

requirements: (1) it is able to fit different work places for dispensing cell solutions. 

For example, besides printing hydrogel scaffolds on culture dishes, the 3D printer is 
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also expected to be used on the wound therapy by delivering cell solutions directly on 

patients’ wound. (2) The dispenser can provide a microenvironment for living cells 

survival to keep cells safe without the contamination and the appropriate temperature 

for living cells. (3) The structure of the 3D printer meets the precision requirement. (4) 

The printer can be adjusted using printing parameters.  

The above requirements can be met by the appropriate design of structure and control 

systems. In order to achieve these requirements, the axiomatic design method is 

applied. The function requirements and design solutions are mapped into a 

demand-design diagram as shown in Fig.3-1. This design tool is used to generate 

design solutions in detail to meet functions with design parameters. A 3D printer can 

then be designed based on the solution to meet function requirements.  

 

 
Figure 3-1. Functional requirements analysis 
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3.2 Proposed 3D Printer 

3.2.1 3D model of Proposed 3D Printer 

Flexible designed 3D printer provides required functions of scaffold printing. The 

proposed 3D printer mainly consists of six components, as shown in Fig. 3-2: 1- 

pneumatic printing head, 2-printing material bottle changer, 3-nozzle changer, 

4-printing material bottle, 5-nozzle, 6-movement system. This 3D printer can meet 

requirements of soft scaffold printing as follows. 

 
Figure 3-2 3D Printer and components 

The printing head integrates 3 direction movements. Hence the platform can be 

eliminated or set in a fixed platform. A stepping motor that the resolution of per step 

is 1.57 μm is chosen to drive the movement structures. The printing material bottle 

changer can provide different materials for the printing head, which can rotate around 

the center of the circle derived by a stepping motor. As shown in Fig.3-3, printing 

material bottles are placed in the material storage to switch different materials based 

on the need of printing model. Fig.3-4 shows the structure of the printing material 
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bottle. It consists of an inner container, housing and adapter ring. The whole structure 

is easy to disassembly and install for the convenient maintenance. The inner container 

is a disposable part to avoid the cross contamination. The housing with resistance wire 

provides thermal-controlling to printing materials. The material bottle adopts a 

separate design with nozzle. It can not only avoid the cross contamination between 

different materials, but also change different diameters of nozzles. Fig.3-5 shows the 

pneumatic printing head is connected to an air compressor for extruding the printing 

material throughout the material bottle. During the printing, the pneumatic printing 

head can pick up the different material bottle from the printing material bottle changer, 

and then it can select an appropriate nozzle from the nozzle changer according to 

printing demands.  

 

Figure 3-3 printing material bottle changer 

 
Figure 3-4 printing material bottle 
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Figure 3-5 Pneumatic printing head 

3.2.2 Operation Simulation of the Proposed 3D Printer 

The 3D models are built using CAD software called SolidWorks which uses a 

parametric feature-based approach to create models and assemblies. The finished 3D 

model is saved as “.stl” format for building simulation in software called Eon Studio. 

Eon Studio is an interactive 3D software tool based on the Virtual Reality technology 

(Wang, 2010). After the 3D model is imported into Eon Studio, parts of the 3D model 

are listed in the simulation tree automatically. Nodes of the parts can be renamed. 

Mechanical properties can be added to these nodes. The simulation tree of the 

dispenser is shown in Fig. 3-6 a). Eon Studio provides programming nodes with 

functions such as motion models, sensors, operations, and collisions as shown in 

Fig.3-6 b). The visual interface of Eon is supported by the routes function, which 

allows developers to build a simulation quickly. Users can add and remove function 

nodes into a route editor and set logical relations between these nodes to achieve 

desired functions. The route editor is shown in Fig. 3-7. Fig. 3-8 shows the simulation 
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interface that is used to simulate the assembly/disassemble process of the printer and 

mechanical movement in this research, which provides a visual evaluation for the 

design feasibility before building the printer.  

  

a) Simulation Tree of dispenser    b) Programming nodes 

Figure 3-6 Operation interface of Eon studio 

 

 

Figure 3-7 Route editor 

 

 

Figure 3-8 Simulation interface 
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3.3 RepRap 3D Printer  

In order to have the proposed 3D printer to investigate relations of printing parameters 

and quality, a liquid 3D printer system needs to be built as the research equipment. 

The portable design and material changing system will not be tested using this 

equipment because the movement structure and printing material bottle changer have 

been simulated in the computer for its feasibility. As a research platform, the desired 

performances of the pneumatic printing head and the accuracy of the 3D printer need 

to be tested. RepRap 3D printer is available in the lab to be modified into a liquid 

material 3D printer. Although this 3D printer only has one printing head, it can meet 

the requirement of verifying the performance of pneumatic printing head. RepRap is a 

low-cost open source 3D printer. RepRap uses the FDM technology to extrude the 

material to form the printing layer (Bennett et al., 2010; Sells et al., 2009). Before 

modification, a 3D Maya Pyramid model is printed as a test sample shown in Fig. 3-9. 

A thermoplastic wire, such as acrylonitrile butadiene styrene (ABS) (Kantaros et al., 

2013) and polylactic acid (PLA) material (Ciurana et al., 2013), is melt by a nozzle 

and extruded following a printing path driven by a computer. The material used in the 

Maya Pyramid model is PLA wire. It is a kind of bio-degradable thermoplastic 

materials refined from the corn starch, tapioca roots and other renewable materials. 

PLA has been using on wide ranges such as medical implants and compostable 

packages. As mentioned before, FDM technology is not suitable for the soft scaffold 

fabrication due to its high temperature extrusion head. For this reason, the RepRap’s 
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printing head is fully dismantled in the modification process and replaced by a 

pneumatic liquid printing head. 

 

 

Figure 3-9 Maya Pyramid fabricated by RepRap 3D printer 

Printing technical parameters (Layer height: 0.1mm; Vertical shell: 3mm; Horizon shell: 2mm; Fill pattern: 

Rectilinear; Small perimeters speed: 30 mm/s; Extern perimeters speed: 30 mm/s; Inside Infill speed: 80 mm/s; 

Top solid infill speed: 50 mm/s) 

 

There is a warping problem in the model bottom layers during the printing process 

(Wang et al., 2007). This issue is more severe for ABS materials than PLA. Raising 

temperature of the heated work platform can benefit for alleviating this phenomenon 

(Herrmann et al., 2014). According to our experiment, this phenomenon is not only 

caused by the platform temperature, but it is also affected by the initial layer height. 

The first layer is too thin to touch enough with heated platform. The first layer thick 

should be from 0.5mm to 1mm. 
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3.4 Experiment Setup 

The modified liquid dispensing system consists of a 3D printer, a pneumatic liquid 

dispenser, an air compressor and a computer, as shown in Fig. 3-10. The printer head 

is connected with the liquid dispenser which controls the dispensation rate through 

regulating the air pressure. The air compressor provides the constant compress air to 

the liquid dispenser. The 3D motion system moves to print the 3D model.  

 

Figure 3-10 Schematic of the extrusion system 

3.4.1 3D Printer 

The 3D printer uses a 3-axis Cartesian linear gantry system. A platform of the 3D 

printer moves along with y-axis driven by a stepper motor transmitting torque through 

a timing belt. The printing head moves along with two directions of x and z axes，the 

z-axis movement is driven by two stepper motors attached to lead screws. The x-axis 

moves as the same as the y-axis does. Every direction has two limit switches to 

determine the initial position of the printing head. An integrated circuit board of the 

3D printer connects three stepping motor drivers, with three signal receivers of limit 



 30 / 89 
 

switches and a piece of microcontroller to communicate with the computer through a 

USB port. As shown in Fig. 3-11, the microcontroller receives position data from the 

control software, Repetier-Host, and translates the data into electric signals to operate 

three stepping motors to complete corresponding actions. Repetier-Host allows users 

to manually or automatically manipulate the 3D printer and monitor the printing 

process on the computer screen. This software reads the printing path which is 

generated by a G-code generator, such as Slic3r, Cure, etc. Additionally, the liquid 

dispenser control software has been improved for cooperating with Repetier-Host. It 

can manipulate the liquid dispenser on and off to keep the same pace with the 3D 

printer. 

 

Figure 3-11 Control system of the extrusion system 

3.4.2 Fluid Dispenser System 

The liquid dispenser uses air pressure to control the extrusion output of printing 

materials. The adjustable pressure range is from 0 Psi to 100 Psi. Its minimum scale is 
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0.6 Psi. Additionally, the nozzle of the pneumatic dispenser can be changed from 

0.12mm to 0.8mm according to different printing requirements. There is a button on 

the liquid dispenser to switch the machine on and off. When the button is on, a vale is 

open, the material will be printed on the platform followed the printing path program. 

The compress air goes through the vacuum valve for a negative pressure in the 

container to prevent the hydrogel from dropping continually after the printing button 

is off. For this reason, a relay (Fig.3-12) is used to replace its original switch. The 

microcontroller manipulates on-off states of the relay. Additionally, the software as 

shown in Figs. 3-13 (a) & (b) controls the liquid dispenser to relay microcontroller. If 

the liquid dispenser doesn’t connect with the computer through the USB-relay, the 

software will indicate the connection failure, and to ask the device connection as 

shown in Figs.3-13 (c) and (d). The code of this software is attached in Appendix I. 

Another software used is called Anjian 2014 to control the 3D printer and liquid 

dispenser simultaneously to achieve a synchronous operation of two devices by 

turning on a switch. 

 

 

Figure 3-12 USB-relay 
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Figure 3-13 Operation interface of the liquid dispenser (a) Open state (b) Close state (c) Connection 

failure state (d) Prompt message to check relay connection 

3.4.3 System Validation 

The system validation is conducted for the printing system. This printing system is 

expected to fabricate multi-layer colloidal scaffolds with required accuracy according 

to the 3D digital model. Experiments are designed and implemented to explore 

parameters of printing process for the hydrogel scaffolds. The test first detects the 

maneuverability of printing the liquid. An appropriate experiment temperature is then 

determined in the subsequent validation. A series of orthogonal experiments is 

conducted to determine the optimal extruding parameters. These parameters are used 

to fabricate scaffolds. 
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Chapter 4  

Parameter Investigation  

In order to investigate the effect of printing factors, a systematic parameter analysis is 

proposed as shown in Fig4.1, Factors that have potential effects on printing results are 

first classified based on their properties. Using Hagen-Poiseuille and Darcy-Weisbach 

Equations (Tartarisco et al., 2009), a mathematical deposition model is built to 

describe the deposition process. It can be used to analyze parameters relations for the 

experiment design in theory to increase search efficiency. As a scaffold is constructed 

by multi-strings of the hydrogel material, the width of a single hydrogel string is used 

to evaluate the printing accuracy of scaffolds. The width of string is defined as the 

printing resolution in this research. The cross-section of strings is assumed as a 

semi-ellipse shape. Therefore, a function of the width of strings is deduced to guide 

factor experiments. The function expresses the relationship between material 

parameters and printing parameters. Based on this function, a series of factorial 

experiments and comparison tests are designed and implemented. At same time, a 3D 

model is built for the finite element analysis (FEA) to verify the experiment solution. 

3D hydrogel scaffolds are fabricated using these verified data in a case study. In order 

to generate printing paths of the scaffold, a program is designed to create the G-code 

file automatically. 
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Figure 4-1 Proposed method 

4.1 Printing Parameters 

3D printing parameters are classified into three groups as shown in Fig 4-2. They are 

material parameters, experimental parameters and printer parameters, respectively. 

Printing material parameters include shear rate, viscosity, density and swelling rate. 

The experimental parameters are pressure, temperature, flow rate and discharge rate. 

Printer parameters include the printing speed, printing head height, printing head 

space, nozzle diameter and nozzle shape. The factors in the grey box are called basic 

factors. They have the immediate impact on the printing accuracy. The factors in 

white box are derivative factors. Their influence is subject to the basic factors. For 

example, the solution concentration affects the material density and viscosity, the 

viscosity have further influence on the shear rate and swell rate. Furthermore, as the 

hydrogel belongs to the non-Newtonian fluid, its viscosity is decided not only by 

concentration of the hydrogel solution, but also by the flow rate of the material. 
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Therefore, in order to simplify the process, only these basic factors are investigated in 

this research. The identification of parameters uses both theoretical analysis and 

experiment. Theoretical analysis guides the experiment design and the experiment 

results verify the theoretical analysis. The width of a single hydrogel string is used to 

measure the printing accuracy of scaffolds. The width of a string is defined as the 

printing resolution in this research. 

 

 

Figure 4-2 Printing parameters 

4.2 Deposition Modeling 

Many factors affect the printing result. If a full factorial experiment is conducted to 

investigate these interactions, it would be a huge workload. The overmuch-factor 

increases difficulties of experiments with the reduced result reliability. For this reason, 

a deposition model is established to identify significant factors that affect the printing 
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2013). Only if the string width and height match to nozzle height (h1) and nozzle 

space (d), the scaffolds would be the expected shape (Chang et al., 2011).  

An ideal condition of the filament is that the height of upper edge of the hydrogel 

filament is consistent with the hemline of the nozzle while the adjacent line forms a 

flat without a gap. On this ideal condition, a simplified geometric model of the nozzle 

is proposed as shown in Fig. 4-3. A parametrical model is to quantify the height and 

width of a filament. The Hagen-Poiseuille law is used to establish the nozzle model 

under the condition of printing fluid materials. 

 

 
Figure 4-3 Deposition model 

 

In Fig. 4-3, P is the pressure provided by the air compressor. m is the mass of the 

material. g is the acceleration of gravity. f is the dynamic friction between material 

and nozzle inwall. ϒ is the surface tension on the interface between the printing 

material and the surface of culture dish. 

Hagen-Poiseuille's Equation is as follows: 

Q =
��

��
= vπR�          （1） 
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Q is the volumetric flow rate. V (t) is the volume of the liquid transferred as a function 

of time. v is the fluid velocity through exit of the nozzle. R is the internal radius of the 

nozzle. 

It is assumed that the pressure provided by the air compressor is enough to extrude the 

hydrogel out of nozzle. But the pressure will not change the density of materials. The 

hydrogel used for these experiments is assumed incompressible. As the flow distance 

is very short, approximately 125mm, the friction caused by viscous forces is 

negligible according to the Darcy-Weisbach equation.  

Under these assumptions, the flow condition could be described by Bernoulli's 

equation as follows. 

�

�
ρv� + ρgh + p = constant     (2) 

Where v is the fluid flow speed at a point on a streamline, g is the acceleration due to 

gravity, h is the elevation of the point above a reference plane, p is the pressure at the 

chosen point, ρ is the density of the hydrogel. 

A point A on the surface of liquid materials can be chosen and another point B is 

located at exit of the nozzle. Because the sectional area of a material container is 

much larger than the cross-section of nozzle, the descent velocity of point A could be 

negligible, i.e. vA =0. Assume the point B is on the reference plane, hA=h, hB=0. 

Additionally PA=P0+P, PB=P0, substituting these equations into the Bernoulli's 

equation. Flow rate VB can be calculated as follows. 

v� = �2gh + P
ρ�       （3） 
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Therefore, the flow rate (vB) is in proportion to the pressure and inversely proportion 

to the density of printing material. As a gelatin material, the cross-section of hydrogel 

line is hard to keep circle under the effect of gravity. For this reason, the cross-section 

of the pattern line can be approximated to an elliptical shape. The elliptical area can 

be found from following formula: 

S������ = πab      (4) 

Where a and b are the semi-major and semi-minor axes. Therefore, the flow rate can 

be estimated as follows: 

Q = S������l� = πabv�      (5) 

Where l1 is the length deposited by a pattern line in unit time, hence l1 can be replaced 

by vB. Another form of Hagen-Poiseuille’s equation is introduced as a 

Hagen-Poiseuille's Standard fluid dynamics equation as follows: 

∆P =
����

���
      （6） 

Where ∆� is the pressure loss. � is the length of pipe. � is the dynamic viscosity. 

� is the volumetric flow rate. � is the radius of nozzle. Substituting Eqs.(3) and (4) 

into Eq. (6), the line width a can be found using the following equation: 

a =
∆���

������
       (7) 

As mentioned before, the pressure at point A is equal to the atmospheric pressure plus 

pressure P, and the pressure at point B is only the atmospheric pressure. Hence △P 

can be approximately equal to P. L is the distance from the material surface in the 

material container to the nozzle exit, i.e. L=h, Substituting Eq. (3) into Eq. (7): 

a =
���

���������� �⁄
     (8) 
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This mathematical model shows the relation between filament width (2a) and other 

parameters. The product (ab) multiplying by semi-major (a) and semi-minor (b) is a 

function of the applied pressure (P), nozzle radius (R), solution density (ρ), dynamic 

friction (μ) and liquid level (h) in the dispenser. Because the outflow volume is very 

small compared to the amount of materials in the dispenser, the liquid level (h) is 

considered as a constant value in a short duration. Solution density (ρ) and dynamic 

friction (μ) are determined by the concentration of the solution. In order to simplify 

experiments, the concentration is used to replace the two variables, ρ and μ. 

According to Eq (8), a 23 full factorial experiment is designed for further estimating 

the parameter effect on the printing quality. The factors include concentration, 

pressure, and nozzle diameter. 

4.3 Printer Parameters 

Besides factors mentioned above determine the printing quality, printer parameters 

also have impacts on the printing quality. These parameters are nozzle height (h1) 

(Chang et al., 2011), nozzle space (d) and printing speed (v) as shown in Fig. 4-3 and 

Fig. 4-4 (Franco et al., 2010). A nozzle height refers to the distance between the 

bottom of nozzle and substrate. The nozzle space is the distance between adjacent 

centerlines of pattern lines. The speed is the printing length moving in a unit time. 

The nozzle height is discussed as follows. 

4.3.1 Nozzle Height (h1) 

In an ideal condition, the top edge of a printing line should touch with the nozzle exit 
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for a desired line shape. If the height is too low, the material may be piled up around 

the nozzle. In the nozzle moving, the material may be gathered in front of the nozzle, 

printing lines behind the nozzle may form a shallow ridge scratched by the nozzle 

edge. This will increase the line width to yield overlap between adjunct lines. The 

accuracy between layers will be affected. If the line height is too high, there will be a 

gap between the hydrogel line and substrate. This gap leads the hydrogel line to stay 

in air for a longer time. It will result in the reduced location accuracy of the printing 

line. In additional, it can facilitate the coagulation speed of the printing material due 

to the filament has more time in air. The adjacent solid filaments are hard to glue 

together. This problem results ultimately in the failure of a printing process. Two 

dimensionless variable indexes C1 and C2 are defined to investigate the printing 

accuracy. C1 is the ratio of h1 to d1. h1 is the distance from the nozzle exit to working 

platform. d1 (d1=2R) is the nozzle diameter. C2 is the filament width (w) to the nozzle 

diameter (d1). 

C� =
��

��
    (9) 

C� =
�

��
    (10) 

When height h1 is lower than d1, C1 is less than 1. When h1 is appropriately equal to 

the diameter of nozzle, C1 is equal to 1. When h1 is much higher than the diameter of 

nozzle, C1 is greater than 1. Therefore, C1 is used as a reference of regulating height 

h1. C2 is a relation between the filament width and nozzle diameter, which is used to 

measure the quality of the printing line. Through regulating C1, the change rule of C2 

can be measured. In an ideal condition, the filament width is expected to equal to the 
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nozzle diameter. But the cross-section would become a semi-ellipse shape from a 

circle filament as the gravity on the platform. As liquid materials have the swell 

phenomena, it is almost impossible that the filament diameter is equal to the related 

nozzle diameter. For these reasons, a close value of the filament width (w) to the 

nozzle diameter is desired for the quality of printing result. In other words, C2 is 

expected to be as close to 1 as possible. 

4.3.2 Nozzle Space (d) 

As a 2D cross section of an object is printed by many adjacent lines, a perfect printing 

area is no overlap and no gap on it. The cross-section of a filament in this research is 

assumed as a semi-ellipse shape. The center line of the filament is used to measure the 

distance between two adjacent filaments, which is indicated by d. There are four types 

of relation possibilities of adjacent filaments as shown in Fig. 4-4. One is that d is 

larger than the sum of major axes of the filament. Another is that d is appropriately 

equal to the length of the major axis, 2a. Or the value of d is in between a and 2a. The 

final possibility is that d is less than a. It means that the two lines are very close to 

each other. 

 
Figure 4-4 Relation of adjacent filaments 

In the first two cases, there is a void region between two lines. As the distance of 

adjacent lines reduces, the void region will shrink while the overlap may happen. 
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Theoretically, there is an optimal distance where there is no overlap and void region 

between two filaments. An appropriate nozzle space (d) will be found through 

experiments. It is considered to be associated with the viscosity of the hydrogel and 

nozzle height. In order to evaluate the accuracy, a dimensionless variable index C3 is 

defined as follows. 

�� =
��

��
    (11) 

Where h3 refers to the height of a superior border of one line. h4 is the vertical 

distance between two adjacent lines. Obviously, C3 is expected to have a value that 

approaches to 1. It means h3 is equal to h4. In this condition, the adjacent filaments 

can form a plane without gaps between the filaments. 

4.4 Printing-path Generation 

As shown in Fig. 4-5, a 3D model is built based on the desired geometry using CAD 

software. In order to print the model, G-code is used for the printing path to control 

the 3D printer.  

 
Figure 4-5 Printing path generation  

There are two methods to generate printing paths for the 3D printer. The first one is to 

use slicer software, such as Slic3r, to prepare the G-code of printing paths. This kind 

of software can slice a 3D model into a number of layers for printing. But the slicer 
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software doesn’t match the requirement of this research. It is expected that the 

printing path can be adjusted for the number of layers and the interval between 

adjacent lines. Therefore, a program is developed to generate G-code of paths for 

these experiments to increase efficiency and reduce errors of the printing process.  

The pattern of the first layer of the model as shown in Fig. 4-6 is placed on an 

orthogonal coordinate system. Where n is the number of lines to complete one layer 

with the corresponding λ. The sequence number of the printing line is based on a left 

to right ascending order. Initially, a 1.2mm nozzle is used to print this pattern with 

one line printing. The printing path is located in the center line of the pattern as shown 

in Fig. 4-6. The algorithm to generate the endpoint coordinate is based on these center 

line point coordinates. To simplify the process, the upper left point is chosen as a 

sample to explain the principle, i.e. the second endpoint on the first layer. If two lines 

are used to complete the pattern, i.e. n=2, the x-coordinates of point 1 and point 2 

corresponding to points on the center line is: 0.6-0.5λ, 0.6+0.5λ, receptively. If n=3, 

the line 2 is overlapped with the center line, the x-coordinate of point 1 is 0.6-λ, the 

point 3 is 0.6+λ. Processing continues in this way, other x-coordinates of points can 

be found when n is assigned different integers, e.g. n=4, points 1 to 4 are 0.6-1.5λ, 

0.6-0.5λ, 0.6+0.5λ, and 0.6+1.5λ, receptively. If n=6, x-coordinates of points 1 to 6 are 

0.6-2.5, 0.6-1.5λ, 0.6-0.5λ, 0.6+0.5λ, 0.6+1.5λ, 0.6+2.5λ. Obviously, the x-coordinates 

of these points is symmetric for the centerline in these cases. This rule is further 

extended to n assigned arbitrary integers that are greater than or equal to one as 

follows. 
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x_coordinate = (i −
n + 1

2
)λ 

Where, i is a serial number of the lines. 

In the same manner, the y-coordinate can be expressed based on the centerline. Based 

on this algorithm, a program is developed using MatLab to generate the G-code for 

the desired path as shown in Fig. 4-7. Additionally, the desired velocity and rotational 

acceleration can also be set in the code. In order to avoid path mistakes, the G-code 

file created by the program is simulated to check its correction as shown in Fig. 4-7. 

 

Figure 4-6 Geometric analysis of the printing path 

 

 

Figure 4-7 Simulation of printing paths using MATLAB 
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Chapter 5  

Experiments of Printing Scaffolds 

A series of experiments are conducted to investigate effects of printing parameters on 

the printing quality in this Chapter. These parameters include nozzle shapes, 

temperatures, material concentrations, pressures, nozzle diameters and nozzle heights. 

5.1 Experimental Material 

The hydrogel used in this research is agar. It is a kind of colorless hydrogels that can 

be dissolved in boiling water. A specific feature of the agar is its big difference of 

temperature between the solidification status and the melting status. It melts when it is 

heated to 95℃ in water while it begins to gelate at below 40℃ from the status of 

melting. Agar can inoculate in the liquid status without cause the cell burnt to death. It 

is confirmed through tests that the solidification temperature of the agar sample is 

37.8℃, agar completes the gelation at temperature 34℃. The experiments use three 

solutions of the agar concentration 2%, 3%, and 4% respectively. It is known that 

there is no correlation between the gelation temperature and concentration, but the 

viscosity is positively correlated to concentration (Lu et al. 2014). 
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As mentioned before, Gelatin is another type material used for soft scaffolds. It is a 

translucent and colorless material used as a biological substrate to culture adherent 

cells. Gelatin can be dissolved in the hot water to form a viscous solution. But the 

viscosity of gelatin solutions is significantly less than the viscosity of hydrogel 

solutions at the same temperature and concentration. This material is sensitive to 

temperature variations. It has a very small temperature range between solidification 

and melting statuses. The solidified gelatin can easily melt as temperatures rise. For 

the gelatin sample used in this research, it starts to solidify at 20°C. It needs 35 

minutes to solidify completely at 18°C. Due to it needs a long time to solidify, it is 

hard to build a three-dimensional scaffold. Therefore, this material is not suitable to 

build soft scaffolds using 3D printers.  

5.2 Comparison Tests of Nozzle Shapes 

5.2.1 Experiment Design  

There are two shapes of nozzle that can be used in printing experiments. They are 

cone-tips and needle-tips, respectively, as shown in Fig. 5-1. The needle-tip looks like 

a cylindrical needle. A cone-tip is a conical plastic orifice. It is generally considered 

that the sheer stress of a needle tip is stronger than that of the cone-shape. The 

pressure in the cone-tip is lower than in a tube tip to squeeze the material through. In 

the experiment, an inner diameter 250μm is used for both tips, discharge rates are 

measured in every minute under varied pressures from 50 Kpa to 400 Kpa. In the 

simulation, the needle-tip and cone-tip are modeled using the ANSYS 
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Workbench-Fluent module and meshed using the triangle element as shown in Fig 5-2. 

The minimum size of the element is 1.3621e-005m, and the maximum element is 

2.741e-003m. The FEA models are calculated using computational fluid dynamics 

(CFD). Because these models are symmetry in its central axis, the calculation is based 

on the model in two dimensions to simplify the computing process. The outside wall 

of the dispenser is used for the model boundary. The simulation converges in 300 

iterations. 

 

 
Figure 5-1. Nozzle geometric shapes 

 

 

Figure 5-2 Simulation model and mesh 
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5.2.2 Result Analysis 

The experimental results in Fig. 5-3 show that the cone-tip can supply the material 

stably under a relatively small pressure. The gradient of blue lines is very flat. 

Following pressure changes from 0 to 400 Kpa, the discharge rate of the needle tip is 

less than 3 g/min. By contrast, there is a massive raise in the cone-tip when the 

pressure changes from 0 to 400 Kpa. This phenomenon indicates that the friction 

inside the needle-tip is much higher than that in cone-tip. Because the exit of the 

needle-tip is a long and thin tube, the material has to be extruded through a long 

process. As shown in Fig. 5-4, the velocity of material nearby inside the wall is very 

slow, the compress air drives the material to pile up inside the nozzle easily. This 

process with a high pressure increases the friction between the material and inside of 

the nozzle. However, the space in a cone-tip is larger than that in a needle-tip. There is 

more space to disperse pressure for the cone-tip. Furthermore, the material is not easy 

solid in the cone-tip. The material is easier extruded from the cone-tip than from the 

needle-tip. In addition, the excessive pressure can damage living cells blended in the 

material solution. Therefore, for the soft scaffold fabrication, the cone-tip is 

considered better than the needle-tip for preventing living cells from damage. 
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Figure 5-3 Pressure-Discharge diagram 

 

 

Figure 5-4 Simulation of flow rates in two type nozzles 
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5.3 Temperature Experiment  

5.3.1 Experiment Design  

When temperature changes, the hydrogel can be transformed between the liquid state 

and the solid state. The temperature at which the hydrogel changes from the liquid to 

solid state is called the gel point. In the experiment, the hydrogel solution is heated up 

to 100℃. It is then cooled at the room temperature. A bar is used to blend the solution 

continually to keep homogeneity. A thermometer measures the solution temperature. 

The gel point temperature is recorded. On the contrary, the gelatinous hydrogel is 

heated to measure the melt temperature.   

5.3.2 Result Analysis 

As the printing material solidifies at 37.8℃, the test must be processed at a little 

higher temperature than this temperature. When the hydrogel temperature is above 

40℃, the material printed on the platform cannot harden immediately. Therefore, 

these lines are very soft as they sink to the substrate, where they pile up each other 

and stick together. The middle model in Fig. 5-5 shows a relatively good printing 

result of the gridded square under the situation of appropriate temperature. When the 

temperature is below 38℃, the material is solidified before it is extruded. Actually, 

the solidification is not sufficient in the nozzle, some parts of the hydrogel is solid 

while others is in liquid so that the printing path cannot be formed correctly. Under 

the constant pressure, Fig. 5-5 shows dramatic changes in the squeezing properties 

depending on the physical state of hydrogel. The solid hydrogel can be crushed by a 
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high pressure. At the same time, the liquid hydrogel adheres together. Through this 

experiment, an appropriate testing temperature is set at 38℃.  

 

 

Figure 5-5 Temperature comparison: models are printed at 4% concentration, 15 Psi pressure and 

0.26mm nozzle diameter  

5.4 Factorial Experiment 

5.4.1 Experiment Design  

Eq. (8) shows relations of the printing pressure, nozzle diameter and material 

concentration. Filament width affects largely the printing quality. For this reason, 

three factors are considered having effects on the printing result, including the 

percentage of material concentration (A), the air pressure (B), and the nozzle diameter 

(C), they are investigated in a factorial experiment. A line of 5-centimeter long is 

printed as the experimental sample. Two levels of each factor are chosen, and two 

replicates of a 23 full factorial experiment are conducted for estimating significance of 

the factor effects. The filament is observed through a microscope shown in Fig. 5-6, 

and diameters are measured using the digital imaging software. These data shown in 

Table 5-1 are analyzed using Minitab 17 to identify the optimal data set. 
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Figure 5-6 Filament of hydrogel & image of a microscope 

 

Table 5-1．23 full factorial experiments design and data collection 

A B C 
Treatment 

Combination 

Average of filament 

diameter 

3% 10psi 260μm (1) 471.95 

6% 10 psi 260μm a 419.58 

3% 20 psi 260μm b 351.59 

6% 20 psi 260μm ab 474.96 

3% 10 psi 600μm c 649.38 

6% 10 psi 600μm ac 653.70 

3% 20 psi 600μm bc 514.39 

6% 20 psi 600μm abc 808.53 

5.4.2 Result Analysis 

The difference between samples’ value and samples’ mean is called residual. The 

factorial experiment analysis is based on the residual analysis. The residual of a valid 

experimental model has to reach following three conditions at the same time: 1) the 

residual of each variable fits the normal distribution, 2) The sum of these residual is 

zero, and 3) There is no obviously tendency in these residuals of the data. In Fig. 5-7, 

the normal probability plot is used to determine if the group of data belongs to normal 

distribution. If a group of data is normally distributed, the residual points would take 

on the appearance of a line. Obviously, residuals of these experiment data obey the 

normal distribution well. The histogram is close to symmetrical, which equally 

illustrates the residual of each variable fits the normal distribution. Versus fits are 
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evenly distributed across two sides of the mean. Versus order in Fig. 5-7 shows that 

there is no relation between residues and experiment sequences and these data are also 

evenly distributed across two sides of the mean. The residuals meet the evaluation 

criteria well. Therefore, these data are validated for this experiment. Fig. 5-8 shows 

that factors A, C, and interactions of AB, AC and BC have the significant effect on the 

filament diameter. Especially, factor C, i.e. the nozzle diameter, has the most 

significant effect on the result. The same result could be found in Table 8-1and Table 

8-2: Analysis of variance and coded coefficients in Appendix III. Residual analysis 

plots are used to judge the effectiveness of factors. If these plots appear some special 

patterns, the selected factors may be not appropriate. It is possible to have other 

unknown significant factors that affect the result. Following this evaluation criterion, 

there is no distinct rule in the data distribution on left and right sides of Figs. 5-9 a) 

and c). By contrast, in Fig. 5-9 b) the left data are more intensive than the right ones. 

But this tendency is not serious. Therefore, these selected factors are correct and 

residuals are faintly influenced by B. As a single factor, B is not a significant factor to 

affect the printing result. However, the factor B has significant interaction influences 

when combining with A and C. Therefore, the factor B is complicated in the influence 

on the printing result. The variable B needs to be controlled carefully in experiments. 

The absolute value of oblique angles of the line indicates that a larger angle will have 

the more effect on the output result. According to this evaluation, the nozzle diameter 

is obviously the most significant factor in three factors as shown in Fig. 5-10 (a). The 

second factor is the concentration of hydrogel solutions. The pressure has no 
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obviously effect on the output result. In Fig. 5-10 (b), interactions show that a larger 

angle formed by the meeting of two converging lines will have more effect on the 

output result. Therefore, the interaction is mainly embodied in the relation between 

factors A (solution concentration) and B (dispensing pressure). Compared to A and B, 

the crossing angle between B (dispensing pressure) and C (nozzle diameter) is very 

small, which means that the magnitude of changes in B and C is almost the same 

when the experiment conditions are changed. Therefore, the interactions between B 

and C have the slight influence on each other. For the same reason, factors A and C 

have a certain positive correlation. The filament diameter can be expressed by a 

regression equation as follows. 

Diameter of Filament = 543.01+ 46.18A- 5.64 B+ 113.49 C 

+58.20 A×B+ 28.43 A×C+ 10.60 B×C 

 

Figure 5-7 Residual plots for diameter of filament 
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Figure 5-8 Effects plot for diameter of filament 

 

 
Figure 5-9 a) Residuals from diameter of filament vs concentration, b) Residuals from diameter of 

filament vs dispensing pressure, c) Residuals from diameter of filament vs diameter of nozzle 

 

  

Figure 5-10 a) Main effects for diameter of filament, b) Interaction for diameter of filament 
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result response under the other variables keeping constant. It provides insight for the 

desirable operating conditions in this process. For example, the light green sections in 

Figs. 5-11 (b) (d) and (f) display that the filament diameter is smaller than other 

sections. It also indicates that different parameter settings shown on abscissa and 

ordinate have the same printing results in the same color sections. Correspondingly, 

Figs .5-11 (a) (c) and (e) show a continuous variable process of printing results with 

the values change of experimental parameters in the three-dimensional space. It is 

easy to find the area of optimal parameters combination. Specifically, the lowest areas 

in Figs.5-11 (a) (c) and (e) are the optimal parameters combination. 

 

Figure 5-11 a) Surface plot of filament diameter vs pressure and material concentration, Concentration, 

b) Contour plot of filament diameter vs pressure and material concentration; c) Surface Plot of filament 

diameter vs Nozzle diameter and material concentration; d) Contour plot of filament diameter vs 

Nozzle diameter and material concentration; e) Surface plot of filament diameter vs Nozzle diameter 

and pressure; f) Contour plot of filament diameter vs Nozzle diameter and pressure  
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5.5 Nozzle Height and Nozzle Space 

5.5.1 Experiment Design 

As it is mentioned, C1 is used to show changes of the nozzle height. Through 

searching the change of C1, the printing quality can be observed when other 

conditions unchanged. As shown in Table 5-2, eight C1 values and two nozzle 

diameters are applied. Corresponding with these C1 values, a series of nozzle height 

values is calculated. Considering that the maximum accuracy of this 3D printer is 

0.1mm in the vertical direction, these nozzle height values are accurate to one decimal 

place. According to these values, a segment is programed and its coordinate of the 

inflection point is labeled as shown in Fig. 5-12 C2 is calculated by measuring the 

realistic filament width (w). 

 
Figure 5-12 Hydrogel segments used for analysis of nozzle height 
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Table 5-2．Experiment Design of Nozzle Height 

Nozzle 

height 

Diameter of nozzle(mm) 
C1=h1/d1 

Diameter of nozzle(mm) 

0.4 0.6 0.4 0.6 

1 0.24 0.36 0.6 0.2 0.4 

2 0.32 0.48 0.8 0.3 0.5 

3 0.40 0.60 1.0 0.4 0.6 

4 0.48 0.72 1.2 0.5 0.7 

5 0.56 0.84 1.4 0.6 0.8 

6 0.64 0.96 1.6 0.6 1.0 

7 0.72 1.08 1.8 0.7 1.1 

8 0.80 1.20 2.0 0.8 1.2 

 

5.5.2 Result Analysis 

The nozzle diameters of 400 μm and 600 μm are used in the experiment. Fig. 5-15 

shows that C1 changes from 0.5 to 2.0. According to the observation from the 

experiment, the nozzle height needs to be at least equal to the nozzle diameter. 

Otherwise the printing material would be piled up around the nozzle tip seriously. It is 

called liquid swelling when the hydrogel filament extruded from a nozzle is thicker 

than the nozzle diameter. Fig. 5-13 shows the pressure distribution in the printing 

head. The pressure has a sharp drop at the nozzle exit. In other words, the compressed 

liquid material with a high pressure will lose the constraint force quickly. The material 

will swell after it is extruded from the nozzle. Furthermore, the swelling phenomenon 

is also caused by the hydrogel intermolecular force between the printing material and 

nozzle tip. For this reason, the nozzle height setting in this experiment is all larger 

than their nozzle diameters. As the material piles seriously around the nozzle tip when 

C1 is less than 1, it is hard to form a hydrogel filament. When C1 is larger than 1, the 

printing quality is much better than the situation when a nozzle height is less than 
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nozzle diameter. The tendency of the filament width is shown in Fig. 5-14. By 

measuring the width of filaments and labeling these data in one diagram, a tendency 

can be found. When the gap between the nozzle exit and work plate is bigger, the 

filament width will be larger. Therefore, an appropriate nozzle height is considered to 

be 1.4 times of the nozzle diameter. Based on this analysis shown in Fig. 5-16, the 

tendency of C2 shows that the width of a filament is to be two to three times of the 

nozzle diameter. For this reason, a reasonable nozzle space from 2.0 to 2.5 times of 

the nozzle diameter is used in experiments. 

 

 
Figure 5-13 Pressure distribution in printing head 

 

 

Figure 5-14 Filament width tendency 
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Figure 5-15 C1 tendency 

 

 
Figure 5-16 C2 tendency 
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Chapter 6  

Case Study 

6.1 Modeling and Printing 

6.1.1 Model Design 

A scaffold model shown in Fig. 6-1 is used in the case study. The inner diameters of 

the printer nozzles are ranged from 200μm to 1200μm for the hydrogel extrusion 

stacked up layer by layer. Geometrical dimension of the scaffold model is 

39.6mm×39.6mm×2.8mm. The width of each strand of the pattern is 1.2mm, made by 

multiple hydrogel lines whose numbers and diameters depend on the nozzle diameter. 

There are 64 square holes in the model. The side length of the hole is 3.6 mm. The 

model is designed using Solidworks, which is saved as a “.stl” format file for the 

printing path planning. A G-code file of the printing path is created to control the 3D 

printer.  
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Figure 6-1 Printing model：Scaffold model 

6.1.2 Printing Process 

6.1.2.1 Solution preparation 

As shown in Fig.6-2, a beaker is placed on an electronic balance and regulated to zero 

setting. The agar powder is weighed on the electronic balance. The powder materials 

are put into the beaker to weigh. Boiling water is poured into the beaker to 100 gram 

and stirred with a glass bar to homogeneous solution. An alcohol lamp is used to heat 

the beaker boiling again. When the solution become clear liquid, the alcohol lamp is 

turned off. 

6.1.2.2 Loading the material on the printer 

The solution is stirred continually and measured for temperature. When the 

temperature is down to 39 ℃，the cup of solution is transferred into the dispenser 

bottle. A certain nozzle is selected and assembled on the bottle. The dispenser bottle is 

fixed on the buffer of the printer head. The liquid dispenser is connected with an air 

compressor through a pipe. The pressure button of the liquid dispenser is in close state. 

When above steps are finished, the power switch of the liquid dispenser is turned on. 
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Figure 6-2 Solution preparation 

6.1.2.3 Equipment debugging 

As shown in Fig.6-3, the vent valve and pressure switch are inspected to stay at the 

closed state. The air compressor presses air to 60 psi and stored them in an air tank. 

The 3D printer and its controlling software on a computer start operations at the same 

time. The 3D printer is connected to the computer by a single click of the connect 

button on the up left side of the software interface. The indicator lamp on the 

motherboard of the 3D printer goes off and light again, which indicates that the 

computer and the 3D printer are connected successfully. A G-code file is loaded into 

the computer. The printing process of the 3D model can be monitored on the 

computer window. A culture dish is fixed on the center of the work platform. The 

pressure output button is turned to 25 psi on the air compressor. Then, the pressure 

button on the dispenser is adjusted to an appropriate pressure. When all of the above 

preparation is ready, the 3D printer starts to print the scaffold by clicking the start 

button of the software. 
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Figure 6-3 Equipment debugging and printing process 

6.2 Results and Discussion 

A soft scaffold is fabricated based on the designed model. The size of each square 

hole in the model is 3.6 x 3.6 mm as shown in Fig. 6-1. The model in the control 

group is used as a reference to compare the printed models with different parameters. 

The experimental result of the control group is foreseen according to the related 

theory. Experimental group is matched as closely as possible to the control group, but 

only one variable is changed in the experiment. It is used to find the variable influence 

on the experiment result. According to the conclusion of factorial experiments, the 

small nozzle diameter and the high solution concentration are better for the printing 

quality. In order to verify this conclusion, the soft scaffolds with 6% concentration are 

printed as the control group using 0.2mm nozzle under 10 Psi. These models have 12 

layers without the obvious sedimentation by gravity as shown in Fig. 6-4. The 

experimental group a) change pressure to 20 Psi. It is used to verify the influence of 
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pressure on the scaffold quality. The experimental group b) change nozzle diameter to 

0.4 mm from 0.2mm. It is used to verify the influence of nozzle diameter on the 

scaffold quality. At the same manner, the concentration is changed to 3% in the 

experimental group c), these changes of quality can be analyzed through measuring 

the width of scaffold strand.  

The pictures of the scaffold are investigated using the image analysis. The original 

imagines are exported into Photoshop CS 5 for processing as shown in Fig. 6-5. The 

average width of the scaffold strands is 2.43 mm. The strand width in the designed 

scaffold model is 1.2 mm. Due to the influence of the swelling rate, the printed strand 

width is 2 times more than the expected size. Effects of the higher pressure on the 

scaffold quality are shown in Fig. 6-4 a). The average width in experiment group is 

0.28 cm. The quality is not changed much with the variation of pressures. Figs. 6-4 b) 

and c) show the filament change with the nozzle diameter increasing and material 

concentration reducing. The scaffold strand becomes coarser obviously. The average 

width in the experiment groups b) and c) is 0.32cm and 0.35cm, respectively. The 

quality is poor when the concentration is low. The holes in the scaffold become very 

small, which indicates that the hydrogel filament has subsidence. Therefore, the case 

study proves the conclusion of experiments. 
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                Control group              Experimental group 

 

Figure 6-4 Example of hydrogel scaffold (a) Comparison diagram of pressure (b) Comparison diagram 

of nozzle diameter (c) Comparison diagram of concentration 
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  Control group               Experimental group

 

 

 

Figure 6-5 Image processing 
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Chapter 7  

Conclusions and Future Work 

7.1 Research Summary 

Through the analysis of different 3D-printing systems and summary of current 

problems in fabricating soft scaffolds, a liquid dispensing 3D printer is proposed to 

fabricate soft hydrogel scaffolds with a 3D movement structure and a pneumatic 

dispenser with a temperature controller. The 3D printer is modeled using Solidworks 

and it functions are simulated using Eon studio virtual reality software. An existing 

3D printer is modified to meet the design requirements for a liquid material extruding 

system to fabricate soft scaffolds using hydrogel biomaterials. In the process of 

investigating parameters, parameters are identified and classified into three groups. 

They are material parameters, experimental parameters and printer parameters, 

respectively. A mathematical deposition model is established for parameter research, 

which shows relations between material parameters and experimental parameters. 

Evaluation criteria of experiments and evaluation methods are defined following this 

deposition model. Parameters that might affect the printing quality are identified and 

classified. Four groups of experiments are designed and implemented to investigate 

the parameters. Through these experiments, corresponding results of significant 
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parameters and interactions are founded. A scaffold model is fabricated successfully 

to test the printing result based on the parameters settings and the modified 3D 

printer. 

7.2 Summary of Contributions 

The contributions of this research are summarized as follows: 

(1) A 3D printer for fabricating soft scaffold is designed and verified using simulation 

in the virtual environment. 

(2) A mathematical deposition model is proposed for the parameters relations in the 

printing process. 

(3) Through a series of experiments, parameter guidance is established. For detail, the 

hydrogel concentration, nozzle diameters, interactions between hydrogel 

concentration and dispensing pressures, nozzle height and space are found that have 

significant effects on printing quality. 

7.3 Future Work 

In the current research, the printing speed is a fixed value. The influence of printing 

speed should be investigated in the future work. In current stage, solution 

concentration is used to replace material parameters, such as viscosity and simplify 

the experiments. The relations between viscosity and printing quality will be 

investigated. Swell rates in the research is observed, but they are not quantified. The 

evaluation criterion of this parameter will be established, and the relation between 

swell rate and other factors will be further investigated. The significant factors 
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identified from the current factorial experiment will be tested in a single factor 

experiment to establish the more specific influence degree on the printing quality. 

Furthermore, an automatic printing parameter configuration system based on the 

results of parameters’ research will be developed to provide guidance for setting 

parameters for customized bio-materials. 
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Appendix I 
using System; 

using System.Collections.Generic; 

using System.ComponentModel; 

using System.Data; 

using System.Drawing; 

using System.Text; 

using System.Windows.Forms; 

using System.Runtime.InteropServices; 

namespace JDQC 

{ 

    public partial class Form1 : Form 

    { 

        IntPtr USBRELAY_Handle; 

        int CommRes; 

        public Form1() 

        { 

            InitializeComponent(); 

        } 

 

        private void Form1_Load(object sender, EventArgs e) 

             

        { 

            try 

            { 

                USBRELAY_Handle = 

USBRELAY_DLL_Ifx.USBRELAY_Open(1); 

                if ((int)USBRELAY_Handle == -1) 

                { 

                    label1.Text = "Connection Failure"; 

                    pictureBox1.Tag = "off"; 

                    pictureBox1.Image = 

Image.FromFile(Application.StartupPath + "\\Resources\\off.png"); 

                } 

                else 

                { 

                    label1.Text = ""; 

                } 
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                int status = 0; 

                CommRes = 

USBRELAY_DLL_Ifx.USBRELAY_GetRelay(USBRELAY_Handle, 1, ref status); 

                if (status == 0) 

                { 

                    label1.Text = "Statue: OFF"; 

                    pictureBox1.Tag = "on"; 

                    pictureBox1.Image = 

Image.FromFile(Application.StartupPath + "\\Resources\\on.png"); 

                } 

                else 

                { 

                    label1.Text = "Statue: ON"; 

                    pictureBox1.Tag = "off"; 

                    pictureBox1.Image = 

Image.FromFile(Application.StartupPath + "\\Resources\\off.png"); 

                } 

            } 

            catch {  } 

        } 

        public class USBRELAY_DLL_Ifx 

        { 

            [DllImport("usbrelay.dll", EntryPoint = "USBRELAY_Open", CharSet 

= CharSet.Auto, CallingConvention = CallingConvention.StdCall)] 

            public static extern IntPtr USBRELAY_Open(int port); 

 

            [DllImport("usbrelay.dll", EntryPoint = "USBRELAY_Close", 

CharSet = CharSet.Auto, CallingConvention = CallingConvention.StdCall)] 

            public static extern int USBRELAY_Close(IntPtr USBRELAY_hdl); 

 

            [DllImport("usbrelay.dll", EntryPoint = "USBRELAY_SetRelay", 

CharSet = CharSet.Auto, CallingConvention = CallingConvention.StdCall)] 

            public static extern int USBRELAY_SetRelay(IntPtr ui_hdl, int 

RelayNbr, int OpCode); 

            [DllImport("usbrelay.dll", EntryPoint = "USBRELAY_GetRelay", 

CharSet = CharSet.Auto, CallingConvention = CallingConvention.StdCall)] 

            public static extern int USBRELAY_GetRelay(IntPtr ui_hdl, int 

RelayNbr, ref int RelayStatus); 

        } 

 

 

        private void pictureBox1_Click(object sender, EventArgs e) 

        { 

            try 
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            { 

                if (pictureBox1.Tag.ToString() == "on") 

                { 

                    CommRes = 

USBRELAY_DLL_Ifx.USBRELAY_SetRelay(USBRELAY_Handle, 1, 1); 

                    if (CommRes == 0) 

                    { 

                        label1.Text = "Open Sucessed"; 

                    } 

                    else 

                    { 

                        label1.Text = "Open Failed"; 

                    } 

                    pictureBox1.Tag = "off"; 

                    pictureBox1.Image = 

Image.FromFile(Application.StartupPath + "\\Resources\\off.png"); 

                } 

                else 

                { 

                    CommRes = 

USBRELAY_DLL_Ifx.USBRELAY_SetRelay(USBRELAY_Handle, 1, 0); 

                    if (CommRes == 0) 

                    { 

                        label1.Text = "Close Sucessed"; 

                    } 

                    else 

                    { 

                        label1.Text = "Close Failed"; 

                    } 

                    pictureBox1.Tag = "on"; 

                    pictureBox1.Image = 

Image.FromFile(Application.StartupPath + "\\Resources\\on.png"); 

 

                } 

            } 

            catch { label1.Text = "Check device Connection! "; } 

        } 

    } 

} 
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Appendix II 
pointnum=18; 

pointxorgin=[0.6 0.6 5.4 5.4 10.2 10.2 15 15 19.8 19.8 24.6 24.6 29.4 29.4 34.2 34.2 

39 39]; 

pointyorgin=[0.6 39 39 0.6 0.6 39 39 0.6 0.6 39 39 0.6 0.6 39 39 0.6 0.6 39]; 

lambdaorig=1.2; 

pointzorgin=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]+lambdaorig/2; 

divnum=4; 

F=5000; 

  

%define end 

  

lambda=lambdaorig/divnum; 

pointx=zeros(1,pointnum*divnum); 

pointy=zeros(1,pointnum*divnum); 

  

pointnowindex=0; 

for divindex=1:divnum 

    pointindex=1:pointnum; 

    deta=(divindex-(divnum+1)/2)*lambda; 

    if mod(divindex,2)==0; 

        pointindex=fliplr(pointindex); 

    end 

    for pointindex=pointindex 

        pointnowindex=pointnowindex+1;        

        if pointindex==1 

            pointx(pointnowindex)=pointxorgin(pointindex)+deta; 

            

pointy(pointnowindex)=pointyorgin(pointindex)-lambdaorig/2+lambda/2; 

            continue; 

        end 

        if pointindex==pointnum 

            pointx(pointnowindex)=pointxorgin(pointindex)+deta; 

            

pointy(pointnowindex)=pointyorgin(pointindex)+lambdaorig/2-lambda/2; 

            continue; 

        end 

        if mod(pointindex,4)==2 
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            pointx(pointnowindex)=pointxorgin(pointindex)+deta; 

            pointy(pointnowindex)=pointyorgin(pointindex)-deta; 

            continue; 

        end 

        if mod(pointindex,4)==3 

            pointx(pointnowindex)=pointxorgin(pointindex)-deta; 

            pointy(pointnowindex)=pointyorgin(pointindex)-deta; 

            continue; 

        end 

        if mod(pointindex,4)==0 

            pointx(pointnowindex)=pointxorgin(pointindex)-deta; 

            pointy(pointnowindex)=pointyorgin(pointindex)-deta; 

            continue; 

        end 

        if mod(pointindex,4)==1 

            pointx(pointnowindex)=pointxorgin(pointindex)+deta; 

            pointy(pointnowindex)=pointyorgin(pointindex)-deta; 

            continue; 

        end 

    end 

end 

pointxnow=[]; 

pointynow=[]; 

pointznow=[]; 

for divindex=1:divnum 

    if mod(divindex,2)==1 

        pointxnow=[pointxnow,pointx]; 

        pointynow=[pointynow,pointy]; 

        

pointznow=[pointznow,repmat((divindex-1)*lambda+pointzorgin,1,divnum)]; 

    else 

        pointxnow=[pointxnow,fliplr(pointx)]; 

        pointynow=[pointynow,fliplr(pointy)]; 

        

pointznow=[pointznow,repmat((divindex-1)*lambda+pointzorgin,1,divnum)]; 

    end 

end 

  

if mod(divnum,2)==1 

    pointx=fliplr(pointx); 

    pointy=fliplr(pointy); 

end 

  

for divindex=1:divnum 
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    if mod(divindex,2)==1 

        pointxnow=[pointxnow,pointy]; 

        pointynow=[pointynow,pointx]; 

        

pointznow=[pointznow,repmat((divindex-1)*lambda+pointzorgin+lambdaorig,1,divn

um)]; 

    else 

        pointxnow=[pointxnow,fliplr(pointy)]; 

        pointynow=[pointynow,fliplr(pointx)]; 

        

pointznow=[pointznow,repmat((divindex-1)*lambda+pointzorgin+lambdaorig,1,divn

um)]; 

    end 

end 

  

plot3(pointxnow,pointynow,pointznow); 

  

fid=fopen('Data.nc','w+'); 

fprintf(fid,'M107\nG90\n'); 

for i=1:length(pointxnow) 

    if i==1 

        fprintf(fid,'G00 X%0.1f Y%0.1f Z%0.1f 

F%d\n',pointxnow(i),pointynow(i),pointznow(i),F); 

        continue; 

    end 

    fprintf(fid,'G01 X%0.1f Y%0.1f 

Z%0.1f\n',pointxnow(i),pointynow(i),pointznow(i)); 

end 

fclose(fid); 
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Appendix III 
 

Table 8-1 Analysis of Variance 

Source DF Adj SS              Adj MS F-Value P-Value 

Model 6 774073  129012  262.02 0.000 

Linear 3 601772 200591 407.40 0.000 

Concentration                     1 85304 85304 173.25 0.000 

Dispensing Pressure 1 1274 1274 2.59 0.117 

Diameter of Nozzle 1 515195 515195 1046.36 0.000 

2-Way Interactions 3 172301 57434 116.65 0.000 

Concentration*Dispensing Pressure 1 135466 135466 275.13 0.000 

Concentration*Diameter of Nozzle 1 32337 32337 65.68 0.000 

Dispensing Pressure*Diameter of Nozzle 1 4497 4497 9.13 0.005 

Error                                 33 16248 492   

Lack-of-Fit 1 8133 8133 32.07 0.000 

Pure Error 32 8115 254   

Total 39 790321    

 

Table 8-2 Coded Coefficients 

Term Effect Coef SE 

Coef 

T-Value P-Value   VIF 

Constant  543.01 3.51 154.77 0.000  

Concentration 92.36 46.18 3.51 13.16 0.000 1.00 

Dispensing Pressure -11.28 -5.64 3.51 -1.61 0.117 1.00 

Diameter of Nozzle 226.98 113.49 3.51 32.35 0.000 1.00 

Concentration*Dispensing 

Pressure 

116.39 58.20 3.51 16.59 0.000 1.00 

Concentration*Diameter of 

Nozzle 

56.87 28.43 3.51 8.10 0.000 1.00 

Dispensing 

Pressure*Diameter of 

Nozzle 

21.21 10.60 3.51 3.02 0.005 1.00 

 

 


