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Abstract 

The advancement in technology has brought forward non-conventional manufacturing 

methods that are efficient and advantageous for specific applications. 3D printing is one such 

outcome, whose applications stretch from biomedical applications to daily products. 3D printing 

is a rapidly growing technology, and innovative research developments have proven versatility in 

creating physical objects. Simplification and constant improvement in Fused Deposition Modeling 

(FDM) operation result from decades of research. However, 3D printing is material-specific and 

contributes to shortcomings in the technology. The build-material dictates the extrusion 

parameters, including the material discharge rate and head speed for a continuous flow. 

Customization being the prime focus of this research, demands precise control of material flow. 

The current study emphasizes the research involved in attaining constant material flow by applying 

the Hagen-Poiseuille equation for a constant discharge of non-Newtonian-high viscous fluids 

through a piston-type extruder. The precise control over discharge rate is achieved by controlling 

the tip (nozzle) size, head speed, and the pressure applied to the piston. Integration of the Internet 

of Things (IoT) enabled long-distance 3D printing between two continents, successfully printing 

Single Line Designs (SLD) and 3D structures. A similar principle is applied to the printing of 

human prosthetic teeth using hydroxyapatite as a potential replacement for the traditional titanium 

screws.  
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Chapter 1: Introduction 

Additive manufacturing (AM) process using Fused Filament Fabrication (FFF) or Fused 

Deposition Modeling (FDM), in other words, Material Extrusion (ME) employs a nozzle to extrude 

the build material layer over layer to create a physical object. Computer-Aided Designing (CAD) 

software help create a digital design and save it as STL (Standard Tessellation Language) file for 

3-dimensional (3D) printers to interpret and fabricate. The advantages, such as reduced material 

wastage, enable extensive product customization yet create complex structures with ease and 

comparatively lower operating cost, making it desirable for fabricating objects that otherwise 

undergo conventional manufacturing techniques. It is often the material that dictates the type of 

AM technology used for manufacturing. The material extrusion process is usually related to the 

3D printing of polymers involving the change of state from solid to a liquid by applying heat. On 

observation, it can be assumed that the build material at some point of the manufacturing process 

attains a liquid state. However, there are limited applications where the build material starts in a 

liquid state, and liquid extrusion is needed. This dissertation focuses on printing high viscous fluids 

using the material extrusion method and demonstrates some of its unique applications, including 

3D printing of human prosthetic teeth. 

 

1.1 PROBLEM STATEMENT  

Material extrusion 3D printing is often associated with the printing of polymers, usually in 

solid-state in the form of a filament. Advancements in 3D printers have sought out unprecedented 

applications of printing ceramics and food, including telemedicine. Such applications demand a 

3D printer, the capability of extruding high viscous fluids. In addition to extracting, precise 

material discharge is crucial for a fine print. Considering the applications such as printing small 
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ceramic structures, food, and telemedicine, the control over the material discharge plays a 

prominent role. A simple, efficient, and cost-effective material extrusion method is imperative for 

an accurate 3D printing operation. 

3D printing technology is known for its versatility of customization, and new applications 

of such innovations are yet to be realized. Lately, 3D printers are moving towards high-volume 

production rather than individual customization. Complex design and printing mechanisms 

increase the cost of 3D printers. Customization plays a prominent role in food and telemedicine, 

and capable and cost-effective 3D printing machines are requisite. 

3D printing of ceramics and food requires a unique approach to develop a simple material 

extrusion mechanism. The data necessary for developing such an extrusion mechanism is not 

readily available, and extensive experimentation is necessary. Besides, the physical attributes of 

viscous materials contribute to the inaccurate quantity of material extrusion at every start and 

stopping point, thereby increasing the print duration and structural inaccuracies in some instances.  

Teeth are susceptible to damage due to injury or poor hygiene, eventually leading to the 

replacement of damaged teeth. Such procedures generally involve titanium implants screwed into 

the jawbone. However, the replaced tooth cannot recreate the sensation of the natural tooth due to 

the lack of the living cells (pulp) inside. Research on 3D printing of human prosthetic teeth as a 

potential replacement for traditional teeth implants is needed. 

 

1.2 LITERATURE REVIEW 

1.2.1 Additive manufacturing 

The additive manufacturing process has constantly been evolving since the 1980s, and its 

spectrum of applications spans from architecture, medicine to art on the other end.1 Advancement 

in 3D printing research has improved printing efficiency, speed, and performance. According to a 
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report from Arizton Advisory & Intelligence, the revenue from the 3D printing industry is 

projected to 29 billion by 2025.2 

The additive manufacturing process is classified as follows by the American Society for 

Testing and Materials (ASTM).3 

Binder jetting, additive manufacturing process in which a liquid bonding agent is 

selectively deposited to join powder materials. 

Directed energy deposition, additive manufacturing process in which focused thermal 

energy is used to fuse materials by melting as they are being deposited. 

Material extrusion, additive manufacturing process in which material is selectively 

dispensed through a nozzle or orifice. 

Material jetting, additive manufacturing process in which droplets of build material are 

selectively deposited.  

Powder bed fusion, additive manufacturing process in which thermal energy selectively 

fuses regions of a powder bed.  

Sheet lamination, additive manufacturing process in which sheets of material are bonded 

to form a part. 

Vat photopolymerization, additive manufacturing process in which liquid photopolymer 

in a vat is selectively cured by light-activated polymerization. 

Of all the AM processes, material extrusion is widely used due to its lower cost and ease 

of operation. Solidworks, CATIA, and Autodesk are a few Computer-Aided Designing (CAD) 

software that helps create digital designs in STL files. The digital designs are directly used as an 

input to print a three-dimensional object. This process of design input is typical for all the AM 

processes. However, the preprocessing of material involved in 3D printing and the post-processing 
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of the 3D printed parts differ from one Am process to another. Non-conventional manufacturing 

methods such as AM have been improving since it was introduced three decades ago and can now 

print metals, ceramics, and polymers.4,5,6 

 

1.2.2 Material extrusion 

According to ASTM, “material extrusion is an additive manufacturing process in which 

material is selectively dispensed through a nozzle or orifice.”3 (Figure 1.1)It is the most popular 

AM process due to its cost and accessibility. This AM process builds a three-dimensional object 

on a platform by depositing molten polymer.7 It is also referred to as Fused deposition modeling 

(FDM), and it holds the largest market share of polymer AM processes.8 Due to the original 

patient's expiration on the technology in 2009, do-it-yourself (DIY) kits were released, and the 

popularity has been growing ever since.9 The major drawback of this process is the dependence on 

amorphous polymeric materials as a feedstock and the lack of compatible printable material other 

than acrylonitrile butadiene styrene (ABS)and polylactic acid (PLA).10 
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Figure 1.1: Schematic diagram of material extrusion AM process with build and support material 

spools.11 

 

Improvising the technology has been sought after due to the popularity of the AM process. 

Researchers have made an effort to investigate the effect of process parameters on dimensional 

accuracy, tolerance control, build time, mechanical properties, and surface roughness.12,13,14,15,16 

Extensive research on design methods is studied and discussed for improving the quality of 

polymer 3D printing.17 

 

1.2.3 Rheology of fluids 

A branch of physics studying the deformation and flow of matter is referred to as 

‘rheology,’ and the Professor Bingham of Lafayette College coined the term.18 Newtonian fluids 

and non-Newtonian fluids are standard terms while discussing the rheology of fluids. Fluids used 
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in daily life, such as water, paint, peanut butter, ketchup, etc., have different consistencies and flow 

differently. The type of flow is often based on the relationship between the shear stress (τ) and the 

strain rate (
𝑑𝑉

𝑑𝑦
). (V - average velocity; µ - absolute viscosity.) The relationship changes according 

to the fluid and it is as explained in the Figure 1.2 (A) and (B). 

 
Figure 1.2 (A): Shear stress applied to a liquid19 

 
Figure 1.2 (B): Relationship between the shear stress and strain rate of various fluids.19 

 

Newtonian fluids exhibit a linear relationship with shear stress and the strain rate, as seen 

above. In comparison, all other fluids except Bingham plastic exhibit a non-linear relationship. 

Bingham plastics need higher shear stress before they start flowing linearly. 

Newtonian fluids expression by newton’s law of viscosity, considering shear stress (τ) and 

shear rate (γ), is shown below.20,21 

𝜏 = −µ𝛾   
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(µ- Coefficient of dynamic viscosity) 

Non- Newtonian fluids can be broadly classified into the following 3 classes based on the 

shear stress and shear rate.22 

• Time independent non-Newtonian fluids 

 The shear rate has a unique but non-linear function of instantaneous shear stress. 

γ=f(τ) 

Bingham plastics, pseudoplastic and dilatant fluids exhibit such behavior. 

 

• Time-dependent non-Newtonian fluids 

 The relationship between shear stress and shear rate is complex as the shear 

also depends on shearing time or previous shear rate history. Depending on the 

increase or decrease of shear stress, the materials are classified as thixotropic and 

rheopectic fluids. (Figure 1.3) 

 
Figure 1.3: Behavior of time-dependent non-Newtonian fluids with shear stress. 

 

• Viscoelastic non-Newtonian fluids. 

 The fluid exhibits both viscous and elastic properties. The rheological 

property is the relationship between shear stress and shear rate, including time 

derivatives of both quantities. 
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𝜏 =
𝑑𝛾

𝑑𝑡
−

µ

𝜆

𝑑𝜏

𝑑𝑡
 

(µ-Viscosity; λ-Rigidity modulus) 

 The experimentation on 3D printing with polymers using material extrusion has 

proved that the material's viscosity should be of toothpaste consistency (70000 - 100000cP) for 

effective printing. Most 3D material extrusion techniques deal with solid materials at room 

temperature and have to be melted for the 3D printing process.  

 

1.2.4 Hagen-Poiseuille (HP) equation 

The equation was independently put forward by Jean Léonard Marie Poiseuille and Gotthilf 

Heinrich Ludwig Hage 

n and was published in 1846.23,24 The theoretical justification of the equation was given by 

George Stokes in 1845.25 Hagen- Poiseuille equation establishes the relationship between the flow 

rate (Q)  and the pressure gradient (ΔP) across the length of the cylinder (L) with a certain radius 

(R) and fluid viscosity (µ).26   

Q =
𝜋𝑅4∆𝑃

8𝜇𝐿
 

The steady laminar fluid flow of an incompressible Newtonian fluid in a long rigid 

cylindrical pipe exhibits a parabolic profile due to the velocity of flow ranging from zero at the 

walls to reaching maximum velocity at the centerline.27 (Figure 1.4)    
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Figure 1.4: Parabolic profile of a laminar fluid flow of a Newtonian fluid.27 

 

The equation is used to quantify the fluid flow of Newtonian fluids, including air, essential 

for medical applications involving hypodermic injections and respiratory care.28,29 The equations 

can also be applied to microfluidics dealing with biological and chemical experimentation 

involving microchannels measurements ranging from nano to microliters (10-9- 10-6 L) or 

smaller.30 The equation is essential for experimentations dealing with fluid flow inside a 

cylindrical tube. 

 

1.2.5 Material Extruders 

A material extruder is the most crucial part of an AM process, such as material extrusion. 

The material extruder contains the build material until the extrusion process is initiated. It then 

extrudes the required amount onto the print platform layer-by-layer to form a three-dimensional 

object. The extruder in the polymer material extrusion AM process houses a heater to melt the 

filament, and the motors behind the extruder push the filament further to supply fresh solid filament 

and push out the molten filament. The schematic diagram of a filament extruder is shown in Figure 

1.5, illustrating the components involved in the process of extrusion. 
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Figure 1.5: Schematic diagram of an extruder in a material extrusion AM process.31 

 

Unprecedented applications of 3D printers in the food and pharmaceutical industries 

emerged, forcing the innovation of the material extrusion process to print materials that are not 

solid at room temperature. Food and ceramic 3D printing is an emerging industry, and innovative 

research efforts on efficient food painting resulted in position-type and screw-type extruders.32,33 

An extruder mechanism must control the quantity of fluid discharge from the nozzle. Few of such 

ambitious extrusion mechanisms were put forth to print fluid, and the gap between the available 

functionalities and the consumer needs is elaborately discussed.34  (Figure 1.6) 
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Figure 1.6: (a) Syringe-based extrusion; (b) Air pressure-driven extruder; (c) Screw-based 

extrusion34  

  The operating mechanism of an extruder for material discharge has been steadily 

improving. However, precise control over the material discharge is still questionable considering 

pharmaceutical applications. The inherent property of the non-Newtonian fluids makes it 

challenging to control the exact moment of discharge in the beginning and the bleed effect when 

the extruder stops. 

 

1.2.6 Internet of Things (IoT) 

As Kevin Ashton claimed, the phrase ‘Internet of things’ was first used in a presentation 

about Radio-Frequency Identification (RFID) in the P&G supply chain in 1999.35 IoT is described 

as “the networked interconnection of everyday objects, which are often equipped with ubiquitous 

intelligence.”36 IoT has gained massive importance in recent years in modern wireless 

telecommunication. IoT is the convergence of things, the internet, and semantic-oriented vision, 

as shown in Figure 1.7. 
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Figure 1.7: Internet of things as a convergence of different visions.37   

 

The potential of IoT is far-reaching and is grouped into the following domains and 

illustrated in Figure 1.8.37 

• Transportation and logistics domain. 

• Healthcare domain. 

• Smart environment (home, office, plant) domain. 

• Personal and social domain.  

 

Figure 1.8: Potential application domains of IoT.37 

 



13 

Since the introduction of IoT, the development in the field has seen a signifi

cant 

rise in its applications, and constant research has the technology seep through other walks of life. 

Figure 1.9 shows the exponential evolution and progress of IoT since it was introduced at the 

beginning of the 2000s. 

 
Figure 1.9: Evolution of the IoT.38 
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1.2.7 Background of teeth and their impact on life 

Most of the vertebrates exhibit the ability of tooth regeneration. Most mammals regenerate 

teeth once (diphyodonty) than other species such as reptiles regenerating teeth multiple times 

(polyphyodonty).39,40 Oral injuries are frequent, and trauma to the oral region comprises 5% of all 

injuries in which 18% of all somatic injuries are oral in the age group of 0-6 years, making it the 

second most common injury.41 In addition to trauma, chronic diseases, tobacco, alcohol, unhealthy 

diet, and lack of physical activity may lead to oral complications.42 

In research conducted using education as a socioeconomic position, the USA displayed 

significant disparities in edentulism.43 Adults with less than 20 teeth undergo psychological stress, 

and income inequality can be related to tooth loss.44,45 Thus, damaged teeth or lack of teeth may 

cause social or psychological discomfort in humans. For one's wellbeing, a presumption is that the 

replacement of damaged teeth is essential. According to recent studies, one out of four teeth 

replantations showed functional recovery, indicating the necessity for researching procedures for 

tooth regeneration (periodontal ligament, PDL in specific) after tooth avulsion.46 

 

1.2.8 Dental implants and materials 

Numerous proposals of alternatives for teeth replacement/replantation, of which few have 

shown success in recent years. The use of stem cells to regenerate tooth is one of the fanciest 

research put forth with numerous drawbacks with the lack of control over the size, shape, and color 

of teeth.47 Evidence shows bioengineered tooth holds the potential solution for tooth replacement, 

displaying successful replantation on mice.48 History points the practice of teeth transplantation 

back to centuries.49 

A dental implant is a surgical orthodontic anchor interfacing the jaw's bone or the skull to 

support dental prosthetics.50 (Figure 1.10) Endosteal and subperiosteal are the broad classifications 
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of dental implants. Endosteal implants take the support of the bone, whereas the subperiosteal 

implants rest on the bone under the periosteum.51 The fabrication of dental implants utilizes all 

three classes of materials, such as metals, ceramics, and polymers, as few of them process physical 

and chemical properties such as adequate strength, toughness, wear,  fracture, and corrosion 

resistance along with biocompatibility.52 The use of metals and their biocompatibility, especially 

titanium, for biomedical implants was prominent since 1940.53,54  

 
Figure 1.10: Osseointegrated screw is inserted in the edentulous mandible.55 

 

Research over the years bolsters the essence of biocompatibility of titanium alloys.56,57 

Recent studies indicate Binary Titanium alloys (<20%) with Zirconium (Zr), Indium (In), Silver 

(Ag). Copper (Cu), Gold (Au), Palladium (Pd), Niobium (Nb), Manganese (Mn), Chromium (Cr), 

Molybdenum (Mo), Tin (Sn), Cobalt (Co), Germanium (Ge), and Gallium (Ga) exhibit better 

mechanical and potential biocompatibility compared to pure titanium (cp-Ti).58 Having seen the 

benefits, titanium dental implants have gained popularity and are widely used in recent years. 
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Though titanium stands as an ideal material for dental implants, it has few drawbacks, creating a 

necessity to bring about new alternatives to replace the existing procedures. 

Titanium is biocompatible; however, the rate of osseointegration is low as surface 

roughness plays a vital role in cell proliferation on the surface of the implant.59 The traditional 

manufacturing process of titanium dental implants fails to provide necessary surface roughness, 

rectified by post-processing methods such as Titanium Plasma Sprays (TPS), Sandblasting, Acid-

Etching, and SLA (the process involves both sandblasting and acid-etching).60,61 Metal 

hypersensitivity persists in people with a history of allergy to metals, creating a sequence of 

undesirable reactions by the immune system resulting in no safe limit or acceptable metal level in 

the body.62,63,64,65 Considering the drawbacks of using metal as an implant, it is safe to move to a 

material that the body is familiar with and accepts. 

Hydroxyapatite, β-tricalcium phosphate, in other words, is a bioceramic material known 

for its osteoconductive and osteoinductive properties.66,67 Studies have substantiated the 

improvement of the performance of titanium implants after coating with such material.68 The use 

of hydroxyapatite for bone substitute or bone grafting can be dated back to 1920.69 This type of 

bioceramic has developed as research progressed over the years. A review of several pieces of 

literature on such bioceramics illustrates the high potential of using such material in biomedical 

implants.70 

 

1.2.9 Evolution of dental manufacturing processes. 

The manufacturing process for dental implants has evolved over the centuries, depending 

on the available material and technology at the corresponding periods. Dental implants have come 

a long way from black stone implants in Mayan mandible shells, the use of animal teeth, and 
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different metals until the currently bioengineered dental implants.71 Casting and milling are some 

of the conventional manufacturing processes for dental implants.72,73 These traditional 

manufacturing processes come with their share of limitations, such as pipping defect in casting74 

and wastage of raw materials in milling as it is one of the subtractive manufacturing processes. 

The recycling process can reduce wastage of the raw materials75, but the recycling process, in turn, 

increases the cost of production.  

Thus, the need to improve biocompatibility and rectify the existing drawbacks of traditional 

manufacturing processes began the additive manufacturing process. The possibilities in improving 

dental implants grew as 3D modeling, and additive manufacturing could increase porosity, surface 

roughness, and rapid osteointegration.76,77 Manufacturing metallic dental implants using the 

additive manufacturing processes utilize laser or electron beam, resulting in all the desired 

properties.78 Having considered the drawbacks of metallic implants, hydroxyapatite in additive 

manufacturing for dental implants was essential. The incorporation of binder jetting is appropriate 

for 3D printing of hydroxyapatite, and such a process can achieve the desired properties for a 

dental implant.79,80,81 

Manufacturing processes allowing the possibility of controlling the porosity of bone 

implants capable of osteointegration are by gel casting and polymer sponge method resulting in a 

porous structure.82 The foam gel technique (use of polymers), by virtue, possesses the potential of 

being an innovative manufacturing process in tissue engineering.83,84 This innovative method of 

creating porosity is suitable for creating implants that are essential for cell proliferation. 
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1.2.9 Bioengineered teeth 

Replacement of damaged or loss of teeth by bioengineered teeth is not unheard of in recent 

years. The latest stem cell research shows promising possibilities in regenerative medicine, where 

teeth can be grown to replace the damaged or missing teeth.85 Developing porous hydroxyapatite 

scaffolds capable of sustaining and aid cell proliferation is studied using stem cells.86,87 The study 

of stem cells' characterization provides insight on the properties depending on tissue source and 

plays a vital role in bioengineered organs.88 Dental pulp stem cells (DPSC) share similarities with 

bone marrow stem cells (BMSC) capable of assisting de novo pulp regeneration suitable for 

bioengineered teeth.89 Furthermore, DPSCs are multipotent, where they can differentiate into 

numerous cell lineages depending on the necessity of functional regenerative requirements.90 

Several successful research indicates the potential of various 3D printing technologies for printing 

dental implants and the use of stem cells for regenerative dental applications.91 
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Chapter 2: Process parameters in 3D printing  

2.1 3D PRINTER 

The 3D printer in this study falls under the material extrusion AM process category as the 

material is dispensed through an orifice. Unlike other material extrusion processes, this study 

focuses on printing materials that are fluid at room temperature. The material feeding and 

dispensing mechanisms had to be designed for printing viscous fluids. It is usual for the printing 

parameters for the 3D printer can vary depending on the application. One of the major drawbacks 

of 3D printers is the range of materials a single machine can print. However, an attempt was made 

to calibrate the 3D printers’ process parameters to print various materials without compromising 

the result. Customization and accessibility being the focal point of the research, the 3D printers 

are linked through the cloud to access design data and long-distance printing. Most 3D printers 

printing viscous fluids are either not precise or expensive. The printer head movement mechanism 

and the material extruder efficient to keep the design simple and the cost low.    

A cartesian coordinate XYZ motion mechanism with 3 motors for each direction is the 

typical material extrusion setup. A monkey bar setup for XYZ motion of the 3D printer is used in 

this study.  The speed at which the head moves while printing has an immense effect on the 

resultant product. Printing parameters such as head speed, the effect of nozzle tip size, and the 

pressure applied to extrude the material contribute to printing performance. The switch from 

filament printing to fluid printing requires changes in the extruder mechanism.  Due to its inherent 

property, extruding viscous fluids poses challenges such as resistance to free flow unless an 

external force is applied. A mechanism to start and stop the flow of viscous fluids from the extruder 

is crucial, and this study discusses the application of an innovative Piston-Type Extruder (PTE). 

The data required for such an extrusion mechanism is not readily available, and repeated 
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experimentations were necessary. Though the study is based on high viscous fluids, the 

experiments were carried out using the HP equation and optimized for effective material extrusion. 

 

2.1.1 Appearance of the 3D printers. 

The 3D printers used in this study are enclosed in an aluminum casing to ensure safe 3D 

printing operation. The tabletop 3D printers are compact and also comes with an aluminum stand 

as an option. The 3D printers have an 8 in X 4 in screen to display the printing process, printing 

information, texts, and videos. (Figure 2.1) The aluminum casing protects the things which are 

printed if they are susceptible to change when exposed to an open environment.  

 

 
Figure 2.1: 3D printers installed in K-CBD center Korea University, Seoul  

 

2.1.2 The Piston-type extruder (PTE) 

The material extruder is a vital part of the 3D printer as it dispenses the material on demand. 

The PTE is a cylindrical tube with a piston on one end and a muzzle on the other end. The fluid 

movement inside the cylinder exerts pressure throughout the body resulting in a pressure drop at 
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3 points of interest. (Figure 2.2) They are at the interface of the material and (1) the piston (ΔPPiston), 

(2) nozzle tip(ΔPTip), and the interface between the piston and the cylinder walls (ΔPFriction). The 

nozzle tip size of the PTE can be changed according to the needs. However, for printing viscous 

fluids, the nozzle must be big enough for the material extrusion and small enough to prevent the 

material from leaking while not printing. A motor above the PTE exerts pressure on the piston 

translating rotatory motion to linear motion. The exerted pressure on the piston pushes the piston 

downwards, extruding the material out of the nozzle and onto the build platform.     

 
Figure 2.2: Schematic diagram of piston-type extruder (PTE) with pressure drop. 
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2.1.3 Internet of Things (IoT) integration 

The 3D printers in this study are IoT integrated and equipped with Raspberry Pi for 

encrypted web access and Arduino for onboard control. Arduino is an open-source hardware and 

software component, a microcontroller kit that controls onboard functions such as XYZ movement 

and operation of the extruder. (Figure 2.3 Left) The 3D printer has onboard pressure and weight 

sensors to record and monitor pressure applied accurately with the help of Arduino. (Figure 2.3 

Right) Recording accurate data was crucial for the research to optimize the printing parameters for 

efficient viscous fluid printing.  Raspberry Pi is an onboard computer for accessing the web for 

design data input and media to display on the screen. The interaction of the 3D printer through the 

web to access information is a step towards IoT. However, the onboard computer can only receive 

data. The pandemic of COVID19 has shown the importance of non-face to face or ‘untact’ method 

of service industries. IoT integrated 3D printers can be a good fit for service industries as it requires 

minimal human interaction. 

 
Figure 2.3: Left: Raspberry Pi and Audrino integrated, and IoT enabled 3D printer. Right: 

Schematic diagram of onboard sensors. 
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2.2 PRELIMINARY DATA COLLECTION 

2.2.1 Preliminary experimental setup 

3D printing of materials that are fluid with considerable viscosity at room temperature is 

an emerging field, and there is no readily available data to proceed. Though there are 3D printers 

capable of printing high viscous fluids, the data on quantitative material discharge is vague. The 

amount of pressure applied for material extrusion, print parameters such as head speed and nozzle 

tip size need to be optimized for better printing performance. The Arduino hardware and software-

assisted 3D printers help monitor the data acquired from the pressure and weight sensors in real-

time. The acquired arbitrary data is analyzed using the HP equation to optimize the process 

parameters. 

Newtonian fluids such as air and water are used to obtain initial data. The experiment was 

carried out with hemp oil to examine the variation in their behavior. Audrino has programmed to 

convert the applied pressure of the total applied force into pressure applied across the cross-

sectional area of the piston. The pressure applied on the top of the piston and the distance moved 

to reach the standard position are measured and analyzed simultaneously through sensors. The data 

from the experiments contain the quantity of material deposited and the pressure applied on to the 

piston. Repeated experimentation can provide sufficient data to check which pressure drop had a 

significant effect on the process. Such data is valuable to precisely control quantitative discharge 

from the extruder by applying appropriate pressure on the piston.  Table 2.1 provides information 

on the minimum and maximum pressure applied from the sensor, simulated and calculated shear 

rate and linear velocity data, along with dynamic viscosity and density of the fluids. The 

experiment used the nozzle tip size rTip of 7.5×10-5 m to1.0×10-3 m at various velocities of presses 
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from 8.3×10-5m/s to 3.3×10-3 m/s. The experiment was repeated up to 5-15 times to converge to 

95% of the total significance level. 

Table 2.1: Applied force, shear rate, and velocity of press data used in the experiment. 

 
Dynamic 

Viscosity 

(Pa·s) 

Density 

(g/m3) 

Applied Force (N) Shear rate (/s-1) 
Velocity of 

press (m/s) 

Min. Max. Min. Max. Min. Max. 

Air 1.81E-05 
1.23E-

03 
2.41E+00 7.96E+00 1.90E+01 5.33E+05 

8.33E-

05 

1.67E-

03 

Water 8.90E-04 
9.97E-

01 
8.20E-01 1.16E+01 1.92E+01 8.59E+04 

8.33E-

05 

1.67E-

03 

Oil 3.0E-02 
8.83E-

04 
1.11E+00 1.40E+02 1.90E+01 8.61E+04 

8.33E-

05 

1.67E-

03 

 

The data obtained from the experiment is calculated by using a modified  HP equation, as 

shown below.   

𝑞𝑣 =
𝜋𝑟4∆𝑃

8𝜇𝐿
 

qv: Volumetric flow rate (m3/s) 

r: Internal radius of the tube (m)  

ΔP: Pressure difference between the two ends (㎩), 

µ: Dynamic fluid viscosity (㎩. s) 

L: Length of the tube (m) 

 

The mass flow rate or mass flux (𝑞𝑤) is obtained by multiplying the volumetric flow rate 

(𝑞𝑣) with density (𝜌).  

𝑞𝑤 = 𝑞𝑣 × 𝜌 

 

𝜌: Density of materials (g/m3) 
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Therefore, 

𝑞𝑤 =
𝜋𝑟4∆𝑃𝜌

8𝜇𝐿
 

 

This equation is rearranged to calculate individual pressure drops such as ∆PPiston and ∆PTip, 

as shown below. 

∆PPiston =
8μ(LPiston)qw

πρ(rPiston)4
 

 

∆PTip =
8μ(LTip)qw

πρ(rTip)
4  

 

rPiston: The internal radius of the piston (m)  

rTip: The internal radius of the tip (m)  

LPiston: The length of the piston (m) 

LTip: The length of the tip (m) 

 

The total pressure drop needed to extrude the material is the sum of individual pressure 

drops. 

∆PTotal = ∆PFriction + ∆PPiston + ∆PTip  

Hence, 

  

∆PTotal = ∆PFriction +
8μ(LPiston)qw

πρ(rPiston)4
+

8μ(LTip)qw

πρ(rTip)
4  

 

The linear velocity of extruded materials (𝑣𝑧) and shear rate (γ) is calculated as shown 

below. 
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vz =
qv

π(rTip)
2 

 

𝛾 =
4𝑣𝑧

𝑟𝑇𝑖𝑝
 

𝑣𝑧: Linear velocity of extruded materials (m/s) 

γ: Shear rate (1/s) 
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2.2.2 Preliminary results   

  The data from the sensors is calculated and tabulated in Table 2.2.   

Table 2.2: Calculated data of all pressure drop, shear rate, and volumetric flow rate along with 

the recorded data of velocity of press over different nozzle tip sizes. 
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Figure 2.4: Pressure drop of friction, piston, and tip for air with a nozzle tip size of 7.5×10-4 m at 

velocities of presses at 8.3×10-5, 8.3×10-4, 1.7×10-3, and 3.3×10-3 m/s. 
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Figure 2.5: Pressure drop of friction, piston, and tip for water with a nozzle tip size of 7.5×10-4 m 

at velocities of presses at 8.3×10-5, 8.3×10-4, 1.7×10-3, and 3.3×10-3 m/s. 
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Figure 2.6: Pressure drop of friction, piston, and tip for oil with a nozzle tip size of 7.5×10-4 m at 

velocities of presses at 8.3×10-5, 8.3×10-4, 1.7×10-3, and 3.3×10-3 m/s. 

 

It is evident from preliminary results that the pressure drop due to friction (ΔPFriction) 

between the piston and the cylinder wall does not exhibit significant variation than the other two 

pressure drops. (Figure 2.4, 2.5, 2.6) Despite the change in material, nozzle tip size, and the 

velocity of the press, the ΔPFriction experiences negligible fluctuation in the values. The above 

graphs were plotted for different press velocities of 8.3×10-5, 8.3×10-4, 1.7×10-3, and 3.3×10-3 m/s. 

However, the tip size of radius 7.5×10-4 m remained for all. It is clear that ΔPFriction remains almost 
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the same, but it is the highest value of the other two pressure drops. It is crucial to learn the pressure 

drop due to friction (ΔPFriction)in other words, the machines’ own friction is the critical factor in 

material extrusion. 

Along with pressure drop, the shear rate plays a crucial role in material extrusion. 

Understanding the change of ΔPFriction with shear rate is necessary for the efficient quantitative 

discharge of the material. The ΔPFriction changes are observed for shear rates ranging from 10 -105 

s-1 for air, water, and hemp oil. (Figure 2.7) The ΔPFriction of air, water, and hemp oil remains almost 

similar at a lower shear rate below 103 s-1. However, for shear rates ranging from 103 -105 s-1, the 

4ΔPFriction grows ever so slightly for air and water, but more in the case of oil. Though the changes 

in ΔPFriction
 are observed with shear rate, it is not significant for the printing process if a low shear 

rate is maintained. Further experimentation with materials having a higher viscosity than hemp oil 

was based on the assumption that if a constant force is applied equal to or higher than ΔPFriction
 

itself, ΔPTip, ΔPPiston can be calculated by HP equation, and material can be extracted at a constant 

linear velocity provided the shear rate is lower than 103 s-1. 
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Figure 2.7: Pressure drop due to friction in terms of various shear rates of the piston-type 

extruder for Air, Water, and Oil. 

 

The nozzle tip size is an additional factor that contributes to the pressure drop, then leading 

to the constant material deposition. Hydraulic and pneumatic methods with an external power 

source are always an option when materials with high viscosity have to be extruded through a 

smaller nozzle tip. For the current experimental setup, economic feasibility is one of the focal 

points, cannot accommodate such extrusion methods. The experiment was carried out with four 

nozzle tip sizes (rTip) of radius 2.0×10-4, 4.0×10-4, 7.5×10-4, and 1.0×10-3 m. to check the press 

drop at the nozzle tip (ΔPTip). (Figure 2.8) 



33 

 
Figure 2.8: Pressure drop at nozzle tip for air, water, and hemp oil. 

 

     The expressions for pressure drop at the nozzle tip (∆PTip), shear rate (γ), and linear 

velocity of the extruded material (𝑣𝑧) are shown below. 

 

∆PTip =
8μ(LTip)qw

πρ(rTip)
4  

 

γ =
4vz

rTip
 

 

vz =
qv

π(rTip)
2 
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Combining and rearranging the equation, an expression for pressure drop in terms of nozzle 

tip size is obtained. 

∆PTip =
2μ(LTip)

(rTip)
× γ 

 

According to the HP equation, The ΔPTip is inversely proportional to the 4th power of rTip. 

Experimentally, the ΔPTip was reduced to 3.996, 3.993, 3.994 power of rTip for hemp oil, water, 

and air, respectively, for the nozzle tip sizes. It was experimentally confirmed that applying 

constant pressure and selecting an appropriate nozzle tip size could result in constant material 

discharge. Though the experiment was based on expressions for Newtonian materials, constant 

discharge of high viscous materials was successfully achieved.  

The data obtained by repeated experiments as tabulated in Table 2.2  after calculating using 

HP equation is used to plot a logarithmic graph of ∆PTip and shear rate. (Figure 2.9) 

log(∆PTip) = log [
2μ(LTip)

(rTip)
] + log (γ) 

The y-axis and slope values are directly related to the dynamic viscosity of the material 

being extruded. The viscosity of the materials, air, water, and hemp oil used in this experiment is 

known, and the calculated values can be verified. This concept can be used to calculate the dynamic 

viscosities of fluids that have to be printed. The experiments with air, water, and hemp oil, the 

values of slopes 1.2180, 1.2181, and 1.2665 and values related to viscosity, -3.7579, -1.9556, and 

-0.4235, respectively, were obtained. On the calculation of the empirical data, the viscosities for 

air, water, and hemp oil were (3.57± 0.170)×10-2, (1.06± 0.049)×10-3, and (1.97± 0.259)×10-5 Pa.s. 
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Figure 2.9: Log (∆PTip) vs. Log (shear rates) for the piston-type extruder for Air, Water, and Oil. 

 

Quantitative material discharge of fluids is complex as it depends on the nozzle tip size and 

the shear rate. The friction coefficient of a material is different from when it is still and in motion. 

Further, the viscosity, porosity, and friction coefficient changes with pressure and time. It is 

theoretically and experimentally challenging to account for changes due to its complex nature. 

Analysis through repeated experimentation with similar printing conditions with varying nozzle 

tip sizes and the velocity of the press was the way to proceed. Irrespective of the head travel speed 

(HTS), the material cannot be discharged faster than 0.1 m/s. The mismatch of the HTS with the 

material discharge speed results in an unfavorable print outcome. The HTS must co-relate with the 

material discharge to avoid discontinuous printing or excessive material deposition. As illustrated 

in Figure 2.10, if the material discharge rate is faster than the HTS, excess material is deposited in 
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the path resulting in a meandering thread-like appearance. On the other hand, if the HTS is greater 

than the material discharge speed, the material is scarcely deposited with discontinuities. 

 

 
Figure 2.10: Images due to mismatch of head travel speed (HTS) versus material discharge 

speed, left- 2 (HTS): 1, right- 1 (HTS): 0.8. 

 

The stepping motor used in this study has a maximum torque limit of 1.5 N.m. Extruding 

materials of higher viscosity through a small nozzle tip size is deemed as a limitation. The HP 

equation gives the means to calculate the pressure drop at the nozzle tip leading to shear rate. 

Iterative experiments suggested the relationship between the linear velocity and the shear rate is 

vital for printing high viscosity fluids with smaller force applied to the piston. For real-world 

applications of using such a small stepping motor to print high viscous fluids, the acquired data 

suggests for a given nozzle tip size and linear discharge velocity of 0.1 m/s; the shear rate must be 

less than 600 s-1. (Figure 2.11) 
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Figure 2.11: Print-able region in terms of linear velocity vs. various shear rates of the piston-type 

extruder for Air, Water, and Oil. 
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Chapter 3: 3D printing high viscosity materials. 

3.1 MATERIAL PREPARATION 

Food printing is a topic in vogue, and massive research and demand for the technology are 

steadily rising. 3D printing of high viscosity materials fits perfectly with the ongoing research 

movement. There is a need for such technology in various fields, including biomedical, pharmacy, 

and telemedicine. Most AM machines that are commercially available deal with solid build 

material, and there are not many capable of printing fluids.   

Many food ingredients are high viscous fluids and are readily available. Materials for this 

study include clay, ketchup, ranch, mayonnaise, chocolate, cookie dough, peanut butter, cheese, 

yogurt, ice cream, coffee, vegetable oil, hemp oil, (cannabidiol) CBD oil, fruit jam, all-purpose 

flour, and meat, including beef and chicken, which were procured commercially. Most of the food 

ingredients do not require pre-experimental preparation. However, meat products require 

preparation to make them flow through the nozzle.  

In December 2020, the United Nations (UN) voted to remove cannabis from a category of 

the world’s most dangerous drugs for medicinal purposes.1 Few products of cannabis display 

vicious fluidity and are potential materials that can be used in this research. Hemp oil and CBD oil 

are the derivatives of cannabis and are used for research purposes only. 

    

3.1.1 Supercritical fluid (SCF) extraction of meat 

Supercritical fluid (SCF) extraction of meat quickly and safely removes the residual blood 

from the meat leaving behind healthy meat. Carbon dioxide is used as a solvent for SCF extraction. 

For the SCF extraction process, 5.00±0.50g of chicken and beef is pulverized at 6,000~24,000 

RPM over five minutes cycles using NINJA® meat-grinder. Multiple pulverization cycles are 

 
1 https://news.un.org/en/story/2020/12/1079132 
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necessary to achieve the required consistency for the process. According to the experiment, three 

pulverization cycles were sufficient to ensure the chunk size is no larger than 5.0×10-5 m. To 

prevent degradation of the meat, it is refrigerated at -20℃ in plastic bags until use. 

As seen in Figure 3.1, the sample is placed in an extraction vessel, and CO2 along with 

cosolvents are passed through it. The solvents dissolve the residual blood and cholesterol from the 

meat and accumulate in the collecting vessel on the lower end of the tilted extraction vessel. The 

extraction time is about 40 minutes with pressures at (2.03×107Pa, 3.04×107Pa, and 4.05×107Pa) 

and at temperatures 35±5℃ or 50±5℃. The left-behind meat sample is devoid of residual blood, 

and cholesterol is a healthy option for consuming meat. (Figure 3.2) 

 

 
Figure 3.1: Conceptual drawing of the supercritical extraction system and image of the OCO-

LABS part, including collection vessel, sample extraction vessel, and pressure 

monitor. 

 



40 

 
Figure 3.2: The samples; (a): unprocessed beef; (b): unprocessed halal chicken; (c): unprocessed 

halal beef; (d): SC-CO2 processed beef under pressure at 3.04×107Pa and 

temperature at 50±5℃. 

 

Further blood diffusion in water analysis was conducted for visual verification of blood 

extraction from the meat. The SCF extracted samples are compared with other untreated meat to 

check for the difference in the color. (Figure 3.3) The darker shade of red color in the water 

suggests more blood remnants in meat, and the lighter shade of red color signifies lower blood 

content. 
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Figure 3.3: Images of blood diffused in water, SEM (a): unprocessed beef (b): unprocessed halal 

beef (c): SCF under pressure at 3.04×107 Pa processed with water as a cosolvent 

(d): SCF under pressure at 3.04×107Pa processed with oil as a cosolvent 

 

In the SCF process's meat treatment, the high temperature and extraction pressure increase 

the process efficiency by 22.5%, but the use of a cosolvent has confirmed the effect of reducing 

the meat weight by up to 39.4%. The reduction of weight signifies the removal of blood and 

cholesterol, leaving behind the essential meat for dietary consumption. Apart from removing 

residual blood and cholesterol from the meat, the SCF processed meat has a consistency similar to 

porridge. This consistency is favorable for the 3D printing of meat as it can hold the three-

dimensional structure. 

 

3.2 DESIGN AND ACCESSIBILITY 

3.2.1 Computer-aided designing (CAD)  

Digital designs are the starting point of any 3D printing process. The digital designs for 

this study involved CAD software such as Solidworks, Solidedge, and Rhino 3D. The designs were 

created digitally using CAD software and saved as an STL file before using an open-source slicing 
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application called CURA. CURA slices the digital design into multiple layers and creates a G-code 

map for the 3D printer to navigate the extruder for the 3D printing operation. The 3D printer used 

in this study accepts the G-code and completes the 3D printing job promptly. 

 

3.2.2 Single-line design (SLD) 

3D printing of high viscous fluids is complicated due to the inherent nature of their flow 

properties. The typical stop and start operation performed by the filament feeder mechanism 

cannot be applied to print high viscous fluids. A unique printing mechanism was necessary to 

accommodate the lethargic flow of high viscous fluids. Single line design (SLD) was the solution 

to curb the issue of undesirable flow. SLD traces a path that is not passed over again while creating 

the image in the process. (Figure 3.4) SLD considerably reduces the amount of material 

overlapping and resolves uneven material deposition caused by stop-and-go. 

 

 
Figure 3.4: Single line designs (SLD) of sceneries.   

 

  SLD offers faster 3D printing speed to lower the oxidation or degradation of few high 

viscous fluids susceptible to exposure to the atmosphere for a prolonged time. The application of 

this concept helps the 3D printing process and preserves the artistic values of the design. 
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3.2.3 Integration of the internet of things (IoT) 

The Raspberry Pi installed in the 3D printer is an onboard computer that can access the 

web to acquire design data for printing. The ability of the 3D printer to access the web brings it 

under the canopy of IoT. The integration of IoT in the 3D printers enhances accessibility and 

simplifies the 3D printing process. The 3D printers integrated with IoT allow long-distance 

printing where the print order can be given without physically being present at the site. This feature 

opens the door for numerous possibilities and unbound applications across all walks of life. 

 

 
Figure 3.5: Schematic diagram of IoT integrated 3D printing concept 

 

    

The concept of an IoT-enabled 3D printer network is as shown in Figure 3.5. The website 

can be accessed through any device with an internet connection. (Figure 3.6 Left) Online portals 

can be accessed at http://www.cafeboxd.com; http://www.vizovizo.com/; and 

http://www.bm3dp.com/.  Once signed in, access to numerous creative designs is provided. A new 

design or one of the numerous existing creative designs from the catalog can be browsed and 

http://www.cafeboxd.com/
http://www.vizovizo.com/
http://www.bm3dp.com/
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selected for printing remotely. (Figure 3.6 Right) When the design is selected, an order is sent 

under the account name and saved in the cloud. The interface allows sharing text, images, videos, 

or combining those under the same account.  

 

 
Figure 3.6: Left: Online portal for ordering the 3D printable design remotely. Right: Online 

catalog of designs. 

 

An order can be placed for self-pick-up or someone else. It is not necessary to be physically 

present to place the order as it is accessible through the internet but has to be on-site to collect the 

printed product. The ordered design is saved on the cloud until it is opened at one of the IoT 

integrated 3D printers for printing. (Figure 3.7 left) The screen on the 3D printer can display the 

media shared by the person placing the order. (Figure 3.7 Right) There are in total of 17 IoT-

controlled 3D printing systems. Four systems at the K-CBD Center in Seoul, Korea Four systems 

at Café Box Delight in Seoul, Korea; three units in Anam International house, Seoul, Korea; two 
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systems at Maker's Station in TX, USA; Four systems at the University of Texas at El Paso, Texas, 

USA. 

 
Figure 3.7: Left: Accessing the remote printing. Right: Playing shared media on-screen while 

printing. 

 

3.3 3D PRINTING 

The data obtained by applying the HP equation from the iterative experiments provided 

insight into the amount of compression needed for the piston and HTP for a constant material 

extrusion necessary for a smooth continuous flow. By adjusting the values of the z-axis, 2D and 

3D printing can be performed with a single material stand-alone print and also print on an object’s 

surface. Muti-layer-multi-material stacking operation can also be performed by interchanging the 

cartridge between the material switch. The precise control over the printing process allows the 3D 

printer to print scaled-down models of objects. This technique is helpful in the food industry to fill 

the condiments on the food artistically. The nozzle tip size may vary depending on the viscous 

fluids that are being printed. HTS and the material discharge velocity according to the pressure 

applied on the piston are crucial to maintaining the operating conditions and for smooth material 
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flow. The printing time drastically reduces with an increase in HTS, as shown in Figure 3.8, but it 

does not have a negative effect on the final print.  

 
Figure 3.8: (a) HTS: 1.0×10-3m/s  (b): HTS: 5.0×10-3m/s, (c): HTS: 1.5×10-2 m/s  and (d): HTS: 

1.8×10-2 m/s 

 
Figure 3.9: (a): 3D printed vase design with Halal chicken. (HTS: 1.8x10-2m/s and tip size 

1.0x10-3m), (b): 3D printed Chun-Sung-Dae design with Halal chicken. (HTS: 

7.0x10-3m/s and tip size 3.2x10-4m), (c): 3D printed vase design with SCF treated 

beef sample. (HTS: 1.8x10-2m/s and tip size 1.0x10-3m) (d): 3D printed vase design 

with Halal beef. (HTS: 1. 8x10-2m/s and tip size 7.5x10-4m), (e): 2.5 D printed grid 

line with SCF Processed beef. (HTS: 1.8x10-2m/s and tip size 1.0x10-3m), (f): 2.5 D 

printed grid line with chocolate. (HTS: 1.8x10-2m/s and tip size 1.0x10-3m), (g): 2.5 

D printed grid line with peanut butter. (HTS: 1.8x10-2m/s and tip size 1.0x10-3m) 

and (h): 2.5 D printed grid line with potato. (HTS: 1.8x10-2m/s and tip size 1.0x10-

3m). 
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Figure 3.10: (a): CBD infused chicken, (HTS 1.8×10-2m/s and tip size 1.0×10-3m); (b): CBD 

infused SCF extracted beef, (HTS 1.8×10-2m/s and tip size 1.0×10-3m); (c): CBD 

infused Avocado Sandwich with SCF extracted beef (HTS 1.8×10-2m/s and tip size 

1.0×10-3m), and CBD infused Avocado. (HTS 1.8×10-2m/s and tip size 1.0×10-

3m); (d): CBD infused chicken burger; flour dough (HTS 1.8×10-2m/s and tip size 

1.0×10-3m), cheese (HTS 7.0×10-3m/s and tip size 3.2×10-4m),. chicken (HTS 

7.0×10-3m/s and tip size 3.2×10-4m) and mayonnaise. (HTS 7.0×10-3m/s and tip 

size 1.1×10-4m). 

 

The HTS and the nozzle tip size vary according to the viscous material that is being printed. 

(Figure 3.9) A small amount of CBD was infused to show the potential of the 3D printer in the 

food industry.  CBD is a dietary supplement and can now be 3D printed as CBD-infused 3D printed 

food.   In Figure 3.10, CBD-infused food ingredients are 3D printed, and the HTS and the nozzle 

tip size are varied accordingly. A miniature chicken burger with a different material is stacked 

layer upon layer, displaying the precise control over the material discharge of the 3D printer.  
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Figure 3.11: Single line design printed with chocolate, coffee, ranch, mayonnaise, and ice cream 

at Center of Printable Materials (CPMC), UTEP, Texas, USA. 

 

The artistic SLD was printed depicting an image or a word or a word through an image. 

(Figure 3.11) The material was deposited on paper or food placed on the printing platform. In 

Figure 3.11 (l), coffee is printed on froth in the shape of a penguin displaying the precise control 

of the head movement and the material flow through the nozzle. The integration of IoT makes it 

easy to transfer the digital design to a 3D printer located remotely. The 3D printer can access the 

design through the cloud and initiate the 3D printing process once the print request is accepted. 

SLDs and 3D structures can be remotely printed as shown in Figure 3.12; also, 3D printing was 

successfully carried out across two continents between UTEP, Texas, USA, and Korea University, 

Seoul, South Korea. (Figure 3.13) 
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Figure 3.12:(a),(b),(c) Miniature 3D objects printed with clay; (d) Miniature 3D flower vase 

printed with chocolate; (e) Miniature 3D flower vase printed with beef; (f), (g) SLD 

with chocolate and mayonnaise; (h) 3D printed design with chocolate. 

 

 
Figure 3.13: Digital SLD sent from UTEP, Texas, UAS to Korea University, Seoul, South Korea, 

printed with coffee, chocolate, peanut butter, ranch, mayonnaise, and fruit jam. 
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Chapter 4: 3D printing on prosthetic teeth 

4.1: MATERIAL PREPARATION 

The 3D printer with a piston-type extruder carries out the preparation of hydroxyapatite 

scaffolds, and the printability of the hydroxyapatite (HA) being the build material holds a crucial 

role. It is necessary for HA being a powder, to be in fluid form to flow through the nozzle when 

pressure is applied and also viscous enough to hold the shape after being printed. An observation 

indicated the slurry of HA with distilled water to be fluid and sticky. The moisture content in the 

build material poses an essential parameter for fluidity and printability. Few iterations suggested 

an optimum moisture percentage for a successful HA print. 

The HA powder used in this study seems larger than the mentioned 20µm when observed 

under Scanning Electronic Microscope (SEM), as shown in Figure 4.1 A and B. The HA particles 

form clusters resulting in the appearance of bigger particle sizes.  The declustering of HA particles 

through grinding caused the clusters to break down, but the process emerged excessively, forming 

a pancake shape, as shown in Figure 4.1 C&D. 
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Figure 4.1: A&B: Hydroxyapatite powder samples in a cluster from; C&D: Hydroxyapatite 

powder after grinding. 

 

The measurement of moisture being crucial for the printability, a specific quantity of HA 

powder mixed with distilled water subjected to heating for 15 minutes, weighed before and after 

heating to obtain moisture percentage. A couple of iterations of such a procedure suggested the 

required moisture percentage of the HA build material, which is 26%.  Further, this mixture of 

water with HA powder was set aside for 24 hours to attain printable consistency. 

 

4.2 PRELIMINARY SINTERING PROCESS  

The green products from the 3D printer must undergo sintering at an appropriate 

temperature. This process is necessary for the resultant sample to attain practical mechanical 

properties to function as teeth. Exposure of HA to elevated temperatures of approximately 1250°C 

results in a dense structure. Hence, sintering at a comparatively lower temperature is required to 
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ensure porosity in the structure. Sintering temperature affects the porosity, which further reflects 

on the mechanical performance of the part. As a result, 3D printing of dog-bone HA structures 

followed by studying the effect of different sintering temperatures on the structure was necessary. 

Sintering temperatures of 600°C, 800°C, 1000°C, and 1050°C performed on HA dog-bone 

structure is as shown in Figure 4.2. 

The result of varying sintering temperature on HA dog-bone structures showed black 

coloration at 600°C and 800°C, whereas at 1000°C and 1050°C, no such coloration exists. The 

presence of organic substances at lower sintering temperatures is responsible for the dark 

coloration of the samples. At higher temperatures, during calcination, the combustion of the 

organic substances, samples obtained appear white. 

 

 
Figure 4.2: Dog-bone structures post sintering (600℃, 800℃, 1,000℃, 1,050 ℃) for 50mins. 
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4.3 3D PRINTING OF PROSTHETIC TEETH WITH HYDROXYAPATITE 

The build material, after preparation, to attain the desirable moisture percentage with 

required printable consistency is filled up in the cylindrical tube with the piston on the other end. 

The 3D printer utilizes a piston-type extruder (PTE) to print. The current study is focused on the 

printing of HA scaffolds to conduct a cell study. The CAD design is an input for CURA slicing 

software and acquires the G code for the print. The G code enables the printer nozzle to navigate 

for the printing process. Once the printing is complete, the finished product, also called the green 

part taken out carefully and dried in atmospheric conditions for 24 hours to solidify completely. 

Post-processing such as sintering ensures the enhancement of the mechanical property of the green 

part. The demonstration of the ability of the 3D printer with PTE to print prosthetic teeth structure 

is evident in Figure 4.3. 

 

 
Figure 4.3: Green part of human molar teeth (26% moisture content) printed at CPMC, UTEP. 

 

The integration of IoT in 3D printing enables long-range/remote printing of teeth. The 

design was uploaded from UTEP, USA, to the cloud and stored at http://www.bm3dp.com/ for 

future access. The design was 3D printed after accessing from the cloud through the 3D printer 

located at the K-CBD center, Korea University, South Korea. After numerous experiments, for 

http://www.bm3dp.com/
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HA slurry, the HTS was set at 1. 8x10-2m/s, and the nozzle tip size of 7.5x10-4m yielded the best 

results with print time of 162 s. (Figure 4.4) 

 
Figure 4.4: Green part of human molar teeth (26% moisture content) printed at K-CBD center, 

Seoul, South Korea. (HTS: 1. 8x10-2 m/s, and the nozzle tip size of 7.5x10-4m) 
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Chapter 5: Conclusions 

The trajectory of the ongoing research on 3D printing technologies is leading towards the 

innovation of machines that can overcome material limitations. This research set out to explore the 

possibilities of making 3D printers efficiently and economically print high viscosity materials. 

Material preparation is an essential step in the additive manufacturing (AM) process; meat 

preparation using the Supercritical fluid (SCF) extraction resulted in healthier meat and 

consistency favorable for 3D printing. Piston-type extruder (PTE), being the efficient and 

economical choice for 3D printing viscous fluids, was exploited. Iterative experimentations were 

conducted to gather data on Newtonian fluids such as air and water along with hemp oil, a non-

Newtonian fluid. The Hagen- Poiseuille (HP) equation was applied to the collected data to analyze 

the behavior of the fluids. The analysis offered the relationship among pressure drop at different 

locations(ΔPPiston, ΔPTip, and ΔPFriction), shear rate (γ), and nozzle tip size (𝑟𝑇𝑖𝑝), which has a crucial 

role in continuous material flow from the extruder. The artistic approach of single-line design 

(SLD) reduced the unevenness in the print as it does not trace its path. The absence of a stop-and-

go mechanism, the SLD improved the print time. The precise control over the heat travel speed 

(HTS) and the material discharge led to successful printing of several 2.5D and 3D prints along 

with miniature 3D objects. The proficiency in precision printing of viscous materials demonstrated 

the potential of the 3D printers in the medical, pharmacy, and food industries. The integration of 

the internet of things (IoT) with the 3D printers enabled remote and long-distance printing. 

Numerous designs were 3D printed across two continents, and the use of cannabidiol exhibited the 

potential of 3D printers in the food and telemedicine industries. The ability of the 3D printer to 

print human prosthetic teeth with hydroxyapatite (HA) witnessed, and dental scaffolds for cell 

study were remotely 3D printed.  
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