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CHAPTER I 
INTRODUCTION 

 

1.1 Background  
The emergences of new technological Rapid Prototypes (RP) have been 

growing extensively in recent year. The RP technologies are classified into two 
categories based on the manufacturing process into subtractive material and additive 
material. Subtractive manufacturing is a traditional process, in which materials is 
removed from initial shape to form the final models. Additive manufacturing (AM), 
commonly known as 3D printing is a non-traditional process that fabricate 3D models 
by adding material layer-by-layer directly from computer aided design (CAD) model. 
AM is defined as “a process of joining materials to make objects from 3D model data, 
usually layer upon layer, as opposed to subtractive manufacturing methodologies” 
(ISO/ASTM 52900 Additive manufacturing general principles terminology, 2015). AM 
processes can be classified into seven techniques: binder jetting, direct energy 
deposition, material extrusion, material jetting, powder bed fusion, sheet lamination, 
and vat photopolymerization as shown in Figure 1.1. These techniques have been 
revolutionizing in prototyping industries and have been widely applied in variety 
industries, including aerospace, biomedical, construction and food (Ngo, Kashani, 
Imbalzano, Nguyen and Hui, 2018). 3D printing process as show in Figure 1.2 starts 
with designing 3D objects by using 3D modeling software such as CAD or Rhino 
software. Then, 3D models are converted into a stereolithography (STL) that are 
sliced into horizontal layers. After that, the file is sent to the 3D printing machine in 
which 3D part is fabricated layer by layer on the machine. 
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Figure 1.1 Classification of rapid prototype manufacturing processes 

 
Figure 1.2 3D Printing process 

3D Printing is an innovation which is becoming the main manufacturing 
process in many industries due to a flexible design and possible fabrication of 
complex geometry parts (Lu, Li and Tian, 2015). Compare with conventional 
manufacturing processes, the 3D printing is more efficient in terms of material usage 
and energy consumption because it fabricates the final products by adding martial 
(Peng, 2016). Previously, 3D printing has been used to produce functional prototypes. 
Nowadays, 3D printing is effectively used to produce final products because it is able 
to 3D print small quantities of customer requirement with relatively low costs 
(Berman, 2012).  The transition from conventional prototyping to individual customer 
manufacturing has been interesting for the 3D printing application. However, the 3D 
printing technology has existing limitations include size limitation, high cost of 3D 
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printing equipment and material (Chen, He, Yang, Niu and Ren, 2017; Huang, Liu, 
Mokasdar and Hou, 2013). General raw materials that can be printed by using the 3D 
printing processes are classified three categories based on the nature materials into 
liquid-based, solid-based and powder-based as shown in Figure 1.1. Because of the 
printable materials, the range of the 3D printing application is limitation to other 
fields. Then, new materials such as biomaterials, composite materials, smart material, 
ceramics materials and electronics materials have been developed and used for 3D 
printing applications (Lee, An and Chua, 2017). Paste is viscosity material have been 
interested to fabricate physical parts by using 3D printing technologies. The physical 
parts can be maintained after printing because of high viscosity materials. Paste is a 
mixture of powder and liquid which can be formed from many different substances. 
Pastes are formed by using extrusion methods in which it is necessary to know the 
paste properties that are used to determine printing conditions of 3D printer 
machines. High viscosity Cu pastes were formulated and printed by using 3D printer 
with a screw extruder to produce 3D metal structures and determine the printing 
conditions (Hong, Sanchez, Du, and Kim, 2015). The experimental results showed that 
the quality of the 3D metal structure shape and printing conditions depend on the 
viscosity of material. The piston type extrusion (PTE) method and food materials with 
different viscosities were investigated to optimize condition of viscosity, temperature, 
pressure and nozzle traveling speed (Kim, Eo and Cho, 2018). The experimental 
results showed that the material viscosity of 0.001-1000 Pa.S, the nozzle traveling 
speed 0.0015 and 0.002 m/s were the optimize printing conditions. The printability of 
the high viscosity ceramic pastes by using the screw type extrusion (STE) machine 
was studied to define the significant parameters extrusion process (Kim, Cho and 
Zielewski, 2019). The resultant of the study showed that water content in material 
(WC), revolutions per minute (RPM) and diameter of the nozzle tip (TIP) were 
significant parameters that effect to the 3D printability. There are many paste 
materials including food, metal and clay (Paphakorn and Thanakharn, 2021), in which 
the paste materials can be printed by using extrusion methods. The material 
extrusion is the additive manufacturing process is a process in which material is 
extruded through a nozzle. Main material extrusion-based additive manufacturing 
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techniques can be classified into three categories as shown in Figure 1.3. Filament-
based extrusion is one of the extrusion-based additive manufacturing techniques in 
which a schematic of this technique is shown in Figure 1.3 (a). Polymeric material in 
the form of a filament is heated to reach semi-liquid state and then extruded though 
a nozzle for fabricating 3D model.  

 

 

 
Figure 1.3 Extrusion-based additive manufacturing techniques 

This technique has limitations of application available materials in the form of 
a filament and instable flow of low viscosity material (Ngo et al., 2018). To avoid 
these limitations, plunger-based extrusion technique has been developed. A 
schematic of this technique is shown in Figure 1.3 (b), in which a heater is attached 
around a barrel to heat material into semi-liquid state. Then, the material is extruded 
though a nozzle by a linear piston movement. In this technique, material degradation 
is main limitation that effects on material properties (Valkenaers, Vogeler, Ferraris, 
Voet and Kruth, 2013). In order to overcome an existing limited range of printable 
materials in filament-based extrusion and material degradation in piston-based 
extrusion, screw-based extrusion technique has been developed. A schematic of this 
technique is shown in Figure 1.3 (c). A screw extruder, a heating system and a nozzle 
are three main components of screw-based extrusion. A screw is used to extrude 
molten material through a nozzle by the rotating an electric device and 3D structure 
is fabricated. The screw is a key component for an extruder in which it is used to 
control the start and stop of extrusion. 
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Clay is a type of ceramic material, which is the paste material. Dan kwian clay, 
Lampang clay and Ratchaburi red clay are important raw materials that have been 
used to manufacture the ceramic pottery of Thailand. Red clay from Ratchaburi 
province in Western Thailand have been used to form pottery and garden ware. 
Ratchaburi red clay has high plasticity for forming ceramic bodies. However, the 
Ratchaburi red clay is very sticky and difficult to dry. Lampang clay is normally found 
in Lampang province in northern Thailand. Which has been used for the 
manufacturing of ceramic products. Dan kwian clay is the clay that normally found 
near the moon riverside in Dan kwian subdistrict, Chok Chai district, Nakhon 
Ratchasima province in Northeast Thailand. Dan kwian clay is raw material that is 
used to form Dan kwian pottery products. Those clays were analyzed to study 
microstructure, clay minerals and mineral compositions which are suitable for the 
clay printing machine. Dan Kwian pottery is a famous product of Nakhon Ratchasima 
province, Thailand in which it is a high viscosity material. Dan Kwian clay is raw 
material that is used to form Dan Kwian pottery products. The pottery products are 
formed by using hand throwing technique. A general process of Dan Kwian pottery 
forming is shown in Figure 1.4. The basic processes include raw material preparation, 
forming and drying. In forming process, clay models are produced by hand throwing 
on a pottery wheel. Potters require individual experience and proficient workers to 
form the model. This process needs special control due to the clay models flexibly 
deform.  

 

 

 
Figure 1.4 A general Dan Kwian pottery forming process 

 

   
Material preparation Forming Drying 



6 

To improve pottery manual fabrication to automatic construction. This 
research presents the development of a clay printing machine based on material 
extrusion additive manufacturing technique, in which clay material is extruded 
through a circular nozzle by screw rotation to form clay model layer by layer without 
mold and die. The screw is used to control the start and stop of extrusion and the 
consistency of extruded clay filament. In the clay printing machine process, the 
method of solidification is different from the extrusion-based additive manufacturing 
techniques as shown in Figure 1.5 and 1.6. The material is extruded in a molted form 
at room temperature in the typical fused deposition modeling (FDM) process. Then, 
the molten material becomes to solid state by heat transfer process as shown in 
Figure 1.5 (a). In the freeze-form extrusion fabrication (FEF) process, aqueous-based 
ceramic or metal paste are deposited on a platform. The platform is set in a freezer 
space in which the extruded material is solidified to frozen solid as shown in Figure 
1.5 (b). In the ceramic on-demand extrusion (CODE) process, the ceramic paste is 
deposited on a substrate located in a liquid oil tank as shown in Figure 1.6 (a). After 
completing each layer, the liquid oil is pumped into the tank to preclude water 
evaporation. Then, an infrared lamp is used to dry the extruded material. The 
solidification of clay printing machine process, the clay paste is extruded on a 
platform at room temperature The solidification of clay printing machine process, the 
clay paste is extruded on a platform at room temperature. The extruded clay is 
solidified by water evaporation process as shown in Figure 1.6 (b). The clay printing 
machine consists of a material container for delivering system, a screw extruder for 
extruding clay through a circular nozzle and movement system. The main functions 
of the screw extruder are controlling and conveyance of amount extruded clay 
material. To develop the capability material deposition of the machine, nozzle 
diameters, screw extruder velocities, and screw pitch were studied to design the 
screw extruder. 
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Figure 1.5 Diagram solidification process of fused deposition modeling  
and freeze-form extrusion fabrication process 

 

 
Figure 1.6 Diagram solidification process of ceramic on-demand extrusion  

 and the clay printing process 
 

1.2 Research objective 
A research objective is to design the screw extruder on a paste extrusion 

process, in which the influences of screw pitch, nozzle diameter and screw extruder 
velocity are investigated. 
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1.3 Scope of the research 
I. The consideration paste material is Dan Kwian clay in which a 

traditional material in north east of Thailand normally has been used to form 
traditional pottery. 

II. The screw extrusion machine is a machine to construct clay model 
layer-by-layer based on the extrusion additive manufacturing. The workspace of this 
machine is a 200 mm. x 200 mm. x 300 mm. (width x length x height). 

III. The length of clay filaments is 100 mm. and the width of clay 
filaments was measured at three positions of filament by using a digital microscope.  

IV. To evaluate a capability material deposition of the clay printing 
machine, fixed variables are screw length, internal diameter of screw, external 
diameter of screw and helix angle.  

V. Independent variables are screw pitch (18, 24 mm.), nozzle diameter 
(5, 6, 7 mm.) and screw extruder velocity (14, 19, 24 mm/s) 

VI. A response variable is a clay filament diameter.  
 

1.4 Research procedure 
 The research procedure starts with Chapter I, which presented the 
background on the extrusion-based additive manufacturing techniques and 
identification of the problem. Then, the research objective and scope of the study 
were presented. Chapter II presented the theoretical extrusion-based system which 
focuses on this research. The applications of the material extrusion-based additive 
manufacturing and screw extrusion were reviewed. The comparison of the material 
extrusion techniques with the characteristic of feedstocks and the limitations were 
present in which the extrusion mechanisms were classified into three categories. In 
addition, the background on the clay material was present. Chapter III is composed 
of the clay printing machine configuration, material preparation, printing parameters 
and experiments. The experiment element was conducted with the identification a 
proper formular of clay material for the clay printing machine and the experiment of 
material deposition of the machine. Chapter IV presented the analysis of the 
experimental results. The main effects of the parameters on the width of extruded 
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clay filament were identified. The linear model relating the width of clay filament to 
the main effects was presented. Finally, all the findings in this research were 
summarized and the recommendations of the research were pointed out in Chapter 
V. The research procedure is illustrated in Figure 1.7  
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Figure 1.7 The research procedure 
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CHAPTER II 
LITERLATURE REVIEW      

 

2.1 The extrusion-based system  
 The extrusion-based additive manufacturing is a process that used extrusion 
to fabricate 3D models layer by layer. This process is developed based on the basic 
principle of the conventional polymer extrusion process. An extruder of the 
extrusion-based additive manufacturing is vertically mounted on the moving system 
different from the extruder of the conventional polymer extrusion process. In the 
extrusion process, feedstock that is contained in a reservoir is pushed out though a 
nozzle by applying the pressure. The characteristic of the extruded material is semi-
liquid stage. So, it is able to join with previous layer before solidifying. The extrusion-
based additive manufacturing processes have been developed and applied to many 
fields with difference materials. There are several techniques in the extrusion-based 
additive manufacturing processes such as fused deposition modeling (FDM), 
robocasting (RC), direct ink writing (DIW), freeze-form extrusion fabrication (FEF) and 
aqueous-based extrusion fabrication (ABEF). The extrusion mechanisms and the 
methods of the solidification are used to classify these techniques (Hu, Mikolajczyk, 
Pimenov and Gupta., 2021).   
 

2.2 The material extrusion-based additive manufacturing (MEAM) 
According to the International Organization for Standardization (ISO) and 

America Society for Testing and Materials (ASTM) 52900:2015, the material extrusion 
is defined as an additive manufacturing process in which material is extruded through 
a nozzle to form 3D models layer-by-layer on a platform. In AM processes, the MEAM 
processes are widely used due to an uncomplicated printing mechanism, variety of 
applications and low costs (Jiang et al., 2020). 
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The MEAM processes have been several applied to form 3D objects into 
many sectors such as food, ceramic and architecture. The MEAM processes can be 
classified into three categories based on the extrusion mechanism as show in Figure 
2.1. Filament-based, plunger-based and screw-based extrusion have been used to 
extrude solid, liquid or viscosity materials, which will be described in this section. 

 

 
Figure 2.1 Three categories of the extrusion mechanism 
 

2.2.1 Filament-based extrusion  
Filament-based extrusion or fused deposition modeling (FDM) is one 

of the extrusion-based additive manufacturing techniques. Which is the most widely 
used for production variety plastic models. A schematic of this technique is shown in 
Figure 2.1 (a). The polymeric materials in form of a filament which are rolled in a 
spool in which it is heated to reach semi-liquid state and then extruded though a 
nozzle onto the platform for fabricating 3D model layer by layer. FDM process has 
been the most widely used to form several 3D models with a wide range of 
materials, size, complex geometries and low cost. Acrylonitrile butadiene styrene 
(ABS), poly actic Acid (PLA), polyamide (PA) and polycarbonate (PC) are commonly 
thermoplastics used for FDM processes (Calignano et al., 2017). There are the wide 
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range of temperatures which is helpful for extruding. After extrusion, the extruded 
polymer is able to rapidly solidify so that the models can be mainland the shape 
(Zhang, Wang, Li J., Li X., and Cheng., 2020). Ceramics, metal, and variety combination 
of them have been using in fused deposition modeling process (Nurhudan, Supriadi, 
Whulanza and Saraih., 2021). However, this process has disadvantages of available 
materials in the form a filament, instable flow of low viscosity material and buckling 
of filament (Ngo, Kashani, Imblazano, Nguyen and Hui., 2018).       

2.2.2 Plunger-based extrusion 
Plunger-based extrusion, also referred to as syringe-based extrusion is 

one of the extrusion-based additive manufacturing techniques in which materials in 
form of liquid or soft-material are loaded into a barrel. Then, the material is extruded 
though a nozzle onto the platform by a linear plunger movement. The plunger is 
controlled by using a stepper motor. Therefore, the extrusion rate is controlled by 
adjusting of the speed motor. A schematic of this technique is shown in Figure 2.1 
(b). In food printing, Plunger-based extrusion, also referred to as syringe-based 
extrusion has been widely applied in 3D food printing process (Sun, Zhou, Yan, 
Huang and Lin., 2018). Malon and Lipson (2007) introduced the Fab@Home model 1, 
which is an open-source 3D printer based on the syringe-based extrusion to form 
liquid food material. Lipton et al. (2010) used the Fab@home model 2 to print a 
prism shaped cookie. Also, the Netherlands Organisation for applied scientific 
research (TNO) has been developed the syringe-based extrusion process for a variety 
of foods (Van der linden, 2015). Kim, Eo and Cho (2018) used the piston type 
extrusion method to print various viscosity materials in order to find the optimal 
conditions of the machine. In additional, the plunger-based extrusion was used to 
form ceramic pastes (Li et al., 2017; Leu et al., 2012). On the other hand, there some 
materials which used the plunger-based extrusion with heater for extrusion process. 
The heaters are attached around a barrel to heat material into semi-liquid state. 
Then, the material is extruded though a nozzle onto the platform by a linear plunger 
movement. Amza, Zapciu and Popesce., (2017) presented the designed paste 
extruder hardware add-on for desktop 3D printer in which feedstock is heat and 
pressed through a nozzle by piston drive. After design the past extruder, 3D models 
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were fabricated by using different paste materials such as silicone, acrylic and dental 
get. Singh G., Singh M., and Minz (2018) developed a piston extrusion system for 
formation of peda (milk-based sweet). The system consists of a cylindrical barrel, 
piston, die and temperature control. However, there are disadvantages of the 
plunger-based extrusion, such as dimensional inaccuracy, poor surface finish, a few of 
the molten material in the syringe and heavy extrusion mechanism because of 
material loaded.   

2.2.3  Screw-based extrusion 
In order to overcome the disadvantages of filament-based and 

plunger-based extrusion, screw-based extrusion technique has been developed. A 
schematic of this technique is shown in Figure 2.1 (c). A screw extruder, a heating 
system and a nozzle are three main components of screw-based extrusion. A screw 
is used to extrude molten material through a nozzle by the rotating an electric 
device and 3D structure is fabricated layer by layer on the platform. In conventional 
polymer extrusion process, granular materials are fed into the hopper and conveyed 
into melting section by a screw extruder. Then, the granules are heated and become 
a molten material. Eventually, a molten material is pushed into the die to form the 
material into the design shape (Abeykoon, 2016). A conventional single-flighted screw 
extrusion, which is used in polymer extrusion process, is divided in the feeding 
section, compression section and metering section as shown in Figure 2.2. Nowadays, 
the conventional single screw extruder has been widely applying in the 3D forming 
processes. Netto et al., (2021) reviewed on the evolution of the extrusion additive 
manufacturing with screw-assisted. This review focused on the design system of the 
extruders that were used to feed the granular materials. In avoid the preparation of 
filament material process, the development of extrusion system in a commercial 
FMD technology was presented (Bellini, Shor and Guceri., 2005). The screw with 
constant pitch and depth was designed and assembled in the extrusion system of 
the commercial FMD technology as shown in Figure 2.3 (a). The granular ceramic was 
fed in the feeder tube and conveyed along the screw channel into the nozzle. The 
experiments were conducted to test the performant of the extrusion system. During 
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the extrusion process, it was observed that when the size of granule less than 3 mm, 
the agglomeration of granules occurred in the feeder tube. 

 

 

 

Figure 2.2 Schematic diagram of a conventional single-flighted screw extrusion 

 

 
Figure 2.3 Schematic diagrams of the screw extruders 

To avoid the feeding problem that mentioned, an automatic screw feeder as 
shown in Figure 2.3 (b) was developed for feeding polymeric pellets (Reddy B., Reddy 
N. and Ghosh., 2007). Moreover, a screw extruder with variable depth and pitch was 
design and assembled in the extrusion system in order to eliminate air entrapment. 
But, the feeder of the material was mounted on the barrel to avoid the compression 
of the material as shown in Figure 2.4 (a) (Silvera and Freitas., 2014). The screw with 

 

 

Feeding (Lf) Compression (Lc) Metering (Lm) 

(a) The screw extruder with feed tube (b) The screw extruder with screw feeder 
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three sections was developed and assembled in the extrusion system of the FDM 
technology. The raw material in form a powder was used to extrude continuous 
filaments for investigation of the capacity of extrusion head. Kumart, Jain, tandon and 
Pandy., (2018) presented the screw extrusion-based material deposition tool which 
developed which consists of the screw, barrel, hopper, band heater, supporting 
frame and tool holder. According to literatures mentioned above, the reviews focus 
on the  

 
 

Figure 2.4 Schematic diagrams of the screw extruders 

materials in form of granule which was used in the 3D printing process with 
screw-based extrusion. On the other hand, the screw-based extrusion has been 
widely applied into 3D food printing processes in which viscosity materials are 
extruded out of the nozzle on the platform to fabricate the designed 3D shape. Hao 
et al., (2010) presented the new chocolate additive layer manufacturing process 
(ChocALM). The ChocALM consists of the tempering chamber, delivery system of 
material, deposition head and the positioning system. The viscosities of chocolate 
were characterized. Line tests were used to study the effects of the extrusion rate 
and nozzle moving speed on the extruded chocolate geometry. Wang, Zhang, 
Bhandari and Yang., (2018) presented a new 3D food printing based on screw 

 
(a) the feeder of was mounted on the barrel 

(b) the printer head was connected to the screw extruder 

Feeder 

Screw extruder 
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extrusion. Nozzle diameters, nozzle heights, nozzle movement speeds, extrusion rate 
and material properties of fish surimi gel are printing parameters, which were 
conduced to find the optimization of printing parameters. The experimental test was 
found that the 2.0 mm nozzle diameter, 5.0 mm nozzle height, 28 mm/s nozzle 
movement speed and 0.003 cm/s extrusion rate were optimal parameters to print 3D 
models with smooth surface and good geometry. Lemon juice gel was used to print 
3D models by using the developed 3D food printing. An equation that shows the 
relationship between the nozzle diameter, the nozzle movement speed and the 
extrusion rate was purposed (Yang, Zhang and Bhandari., 2017). The equation is used 
to estimate the nozzle movement speed when the nozzle diameter and the 
extrusion rate were known. In addition, the material in form pastes can be used to 
form 3D models by using the screw-based extrusion concept.  Hong et al., (2015) 
modified the FDM printer in which the printer head was connected to the screw 
extruder that was separated from the FDM printer structure as shown in Figure 2.4 
(b). High viscosity Cu pastes were fed into the screw extruder and extruded to form 
3D metal structures. As previously mentioned, the filament-based, plunger-based 
and screw-based extrusion are the MEAM techniques that have been widely applied 
to fabricate 3D models. Table 1 presents the comparison of the MEAM techniques 
that are used in 3D model processes, the characteristic of feedstock and the 
limitations of each technique. 
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Table 2.1 The comparison of the MEAM techniques with the characteristic of feedstocks and the limitations 
Extrusion 

mechanisms 
Description Characteristic feedstocks Limitations 

Filament-based 

Process in which the materials in form of 
a filament is heated to reach semi-liquid 
state and then extruded though a 
nozzle onto the platform.  

Filaments of polymers, ceramics, metals, 
biomaterials and composite 

Available materials in the form a 
filament, instable flow of low 
viscosity material and buckling of 
filament 

Plunger-based 

Process in which the materials in form of 
a semi-liquid or soft-material is extruded 
though a nozzle by a linear plunger 
movement. 

Paste, High viscosity of materials such as jam, 
mayonnaise, peanut butter and ketchup 

Dimensional inaccuracy, poor 
surface finish, a few of the molten 
material in the syringe and heavy 
extrusion mechanism because of 
material loaded 

Molten chocolate, milk-based sweet 

Screw-based 

Process in which the materials are 
extruded through a nozzle by the 
rotating of screw extruder 

Granular of ABS, PLA, PCL and composites Large structure, complex extrusion 
mechanism,  

High viscosity metal paste, ceramic and clay 
/chocolate / lemon juice gel / fish surimi 
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Figure 2.5 Schematic diagram of screw geometry   

Table 2.2 Parameter for screw geometry 
Parameter Symbol Dimension 
Barrel length Lb mm 
Screw length Ls mm 
Barrel diameter D mm 
External screw diameter Ds mm 
Internal screw diameter d mm 
Screw pitch S mm 
Flight depth h mm 
Chanel width w mm 
Helix angle Ø o 
Screw clearance δ mm 

2.3 The screw extrusion 
 Previously literatures that were mentioned, highlighted the applications of 

the screw-based extrusion in 3D model processes. However, there are few literatures 
that studied on the design of the screw extrusion for 3D model process. A 
conventional single-flighted screw a shown in Figure 2.2, The screw is the key 
component of the screw extruder in which the viscosity material in the barrel is 
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pushed along the screw channel through a nozzle by the pressure that is generated 
by the screw rotating. A diagram of screw geometry is shown in Figure 2.5 and 
parameters of screw geometer are summarized in Table 2.2. The conventional single-
flighted screw extrusion is divided into 3 sections as the feeding, compression and 
metering. The function of feeding section is to convey solid material from the hopper 
to the compression section. In this section, flight depth is designed with constant 
depth and pitch. Which has a large depth when compared with another section in 
order to increase enough volume of material to convey into metering section. In the 
compression section, the flight depth constantly decreases along the length of the 
section in order to improve the compression, but still constant pitch. During this 
section, the solid material is melted to become molten material which is 
compressed to eliminate the entrained air. Then, the molten material is conveyed to 
metering section. The flight depth of the metering section is smaller depth than 
another section. In the metering section, the material is completely melted stage 
and homogenized which is extruded through the shaping die. The amount of the 
extruded directly relates to the screw length and screw diameter. Equation 2.1 is a 
ratio of the screw length and the external screw diameter (L/D) in which the screw 
length (L) divided by the external screw diameter (D).  

The screw lengthL / D =
The external screw diameter

       (2.1)                                                        

The L/D ratio is used to describe the relation between the screw length and 
the external screw diameter. Normally L/D ratio of screw is between 20:1 – 30:1. The 
high L/D ratio has a larger output than low L/D ratio (Wagner, Mount and Giles., 
2014). Because characters and properties of the material used in the FDM process are 
similar to the material used in the plastic extrusion. Therefore, the conventional 
single-flighted screw that is used in the polymer extrusion process has been widely 
applying for vertical extruder in the FDM process. Valkenares et al., (2013) designed a 
screw extrusion based on the conventional single screw of plastic extrusion for 3D 
printing process. The L/D ratio was determined as 10:1 to reduce the time of material 
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that stay in the extruder. A screw extrusion-based additive manufacturing was 
developed to print polyether-ether-ketone material (Tseng et al., 2017). The screw 
extrusion was designed with the L/D ratio as 20:1 (tola length screw = 280 mm, screw 
diameter = 14 mm and screw pitch = 14 mm).  
 
2.4 The clay material  

Ceramic is one of the most materials, used to fabricate 3D models in the 
extrusion-based additive manufacturing processes because of high mechanical 
strength, manufacturing scalability and low cost of raw material (Zocca, Colombo, 
Gomes and Gunster., 2015). The ceramic materials of the extrusion-based additive 
manufacturing processes are categorized in two forms as filament and paste. The 
ceramic in filament form is widely used in the FDM process. However, the process of 
the filament preparation becomes a limitation of this process. So, ceramic in paste 
form is a more flexible material. In this study, the paste is a mixture of clay and 
water, used to form pottery models. Generally, the solid component of a paste has a 
particle size in the range 0.1 – 100 m (Benbow and Bidgater., 1993). Clay becomes 
soft and plastic when water is added. The plastic character is defined as the ability of 
clay material to be moulded without rupture when force is applied (Bergaya and 
Laaly., 2013). Kaolinite clay form Colombia with different water to clay ratio (w/c) 
between 0.57 -0.65 % was prepared and printed cylindrical models by using the DIW 
technique (Revelo and Colorado., 2015). The experimental results were found that 
w/c ratio in the 0.36 – 0.40 % produce printable models. The w/c ratio at 0.60 % 
showed the best result in term of the flow test and the surface finish. In 2019, 
Revelo and Colorado used the DIW technique to fabricate kaolinite clay with several 
ceramic additive powder. The experimental results were found that the w/c ratio at 
0.70 % with fly ash as an additive powder were the best in term of mechanical 
properties and surface finishing.  

In this study, the consideration material is Dan Kwian clay in which a 
traditional material in north eastern of Thailand normally has been used to form 
traditional pottery. Dan Kwian clay has small particle sizes and high-plasticity which is 
easily formed into pottery models (Srilomsak, Pattanasiriwisawa, Somphon, 



22 

 

Tanthanuch and Meethong., 2014). The main mineral compositions of Dan Kwian clay 
are quartz (45.7 wt%), kaolinite (42.3 wt%) and feldspar (5.6 wt%) (Poowancum and 
Horpibulsuk., 2015). Traditionally, ceramic and pottery products are formed by using 
paster mold or hand throwing. A general process of pottery forming is shown in 
Figure 1.4. The basic steps include raw material preparation, forming and drying. The 
most of those products are produced based on a symmetry model. Ceramic and 
pottery artists require individual experience and proficient workers to form the 
complicated model. In pottery forming process, clay models are manufactured by 
using hand throwing on a pottery wheel. This process needs special control due to 
the clay models flexibly deform. Then, the green body is dried and fired to 
temperatures of 900 – 1100 ℃ in kiln. Former design and low productivity are 
limitations of the pottery forming process by hand throwing. Therefore, the clay 
printing machine has been developed to improve pottery manually fabrication to 
automatic construction. This machine has been modified based on the additive 
manufacturing. That is able to produce complicated models when compare with 
traditional fabrication methods. 
  



 

CHAPTER III 
EXPERIMENTAL PROCEDURE     

 
 This chapter depicts the experimental work on a design of clay printing 
machine, an evaluation of clay materials and an experiment of capability material 
deposition. The process sequence of the experiment is organized as follow. A clay 
printing machine configuration was presented in section 3.1. In section 3.2, clay 
samples were analyzed to study microstructure and clay mineral compositions. Also, 
an appropriate formulation of clay material was identified. Experimental parameters 
were investigated and the design of experiment was presented in section 3.3. 
 

3.1 A clay printing machine configuration 
The clay printing machine has been developed based on the paste extrusion 

process, in which a machine constructs clay models layer-by-layer. The principle of 
this machine is the deposition of clay materials through a nozzle to form 3D models 
without mold and die. The clay printing machine was designed based on 3-axis 
Cartesian gantry positioning system which is controlled by stepper motors. The 
machine is controlled by an Arduino Mega 2560 R3 board with the Marlin firmware, 
which controls the screw velocity, nozzle movement speed, platform movement 
speed and other settings. The workspace of this machine is a 200 mm x 200 mm x 300 
mm (width x length x height). The clay printing machine composes five major 
components as shown in Figure 3.1: (I) a material container for delivering system, (II) a 
screw extruder for extrusion, (III) a platform, (IV) movement system for moving a nozzle 
in X and Y directions, in which these components have been controlled by stepper 
motors via Computer Numerical Control (CNC) programming, and (V) a control panel.  
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Figure 3.1 A clay printing machine based on the paste extrusion process 

3.1.1 Machine specification  
3.1.1.1 The material container and connector tube 

The material container is fabricated from a plastic material. The 
capacity of material container is 1,000 milliliters (mL). The material container as shown 
in Figure 3.2 functions as a piston extruder, in which the clay material is extruded 
through a connector tube into a screw extruder by applying pressure. The material 
container connects with the screw extruder by male straight pneumatic fitting and 
plastic tube. The diameter of the tube is 10 mm. and the length is 650 mm. Geometric 
parameter valves of material container are shown in Table 3.1. 

 

 

(I) a material container  

(II) a screw extruder 

(III) a platform 

(IV) stepper motors 
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(V) control panel 
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Figure 3.2 Diagram of the material container 

Table 3.1 Geometric parameter valves of material container 

Parameter Value 

Cylinder diameter (Cd) 75 mm 
Cylinder length (Cl) 320 mm 
Capacity 1,000 mL 

 
3.1.1.2 The barrel extruder  

The main components of screw extruder are the barrel, screw 
and nozzle as shown in Figure 3.3, while the platform moves up and down along the 
Z direction. The barrel of the extruder interfaces with a nozzle in which the varying 
diameter of the nozzle can be changed. The barrel is fabricated from metal material 
in which the geometry parameter values of the barrel are shown in Table 3.2.  

 

Motor 
Piston 
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Figure 3.3 3D diagram and cress section view of the screw extruder 

Table 3.2 The geometry parameter values of the barrel 
Parameter Value 

External diameter (Bd) 50 mm 
Internal diameter (Bi) 38 mm 
Barrel length (Bl) 108 mm 
Nozzle length (Nl) 40 mm 

 
3.1.1.3 The screw extrusion 

The screw extruder of the clay printing machine was designed 
without the heating system, in which the main functions of the extruder are 
compression and transportation of the clay material through a nozzle. There are 
several screw types widely used in industry, the design of screw diameter, screw length, 
screw pitch and pitch angle depend on material characteristics, capacity required or 
conveying distance. In this research, the screw extruders were designed based on a 
principle of basic conveyor flight and pitch types. There are two screw types to apply 
for experiment. The short pitch, single flight screw is commonly used for paste material 

 

              

External diameter 

Nozzle length 

Barrel length 
Internal diameter 

(a) 3D model 
(b) Cross section view 
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specially in an inclined and vertical screw conveyor applications. This screw pitch is 
equal to 2/3 screw diameter, which can be calculated using an equation 3.1 
(Fruchtbaum J., 1988). This parameter was applied to control flow rate of extruded 
material. A diagram of the short pitch, single flight screw geometry is shown in Figure 
3.4. Besides, the half pitch, single flight screw is used for handling fluid materials. This 
screw pitch is equal to 1/2 screw diameter, which can be calculated using an equation 
3.2 (Fruchtbaum J., 1988). A diagram of the half pitch, single flight screw geometry is 
shown in Figure 3.5. the geometry parameter values of the screw extrusions are shown 
in Table 3.3. Actual representation of the single flight screws are shown in Figure 3.6. 

( )
2Screw pitch = Screw diameter
3

 (3.1) 

( )
1Screw pitch = Screw diameter
2

 (3.2) 

 
 

Figure 3.4 Schematic diagram of the shot pitch, single flight screw 
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Figure 3.5 Schematic diagram of the half pitch, single flight screw 
 

Table 3.3 The geometry parameter values of the screw extrusions 

Parameter 
The single flight screw 

Short pitch, Half pitch 
External diameter (D) 36 mm 36 mm 
Internal diameter (d) 16 mm 16 mm 
Screw length (Ls) 75 mm 75 mm 
Helix angle (Ø) 6 ̊ 6̊ 
Pitch (P) 24 mm 18 mm 
Screw channel (Sc) 20 mm 9 mm 
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Figure 3.6 Actual representation of the single flight screws 
 

3.1.2 The extrusion process of the clay printing machine 
The process of clay model forming starts with fabrication of 3D models, 

in which the models are designed by using software model. Then, the 3D model is 
converted into STL file format that are sliced to be equal to a layer thickness into 
horizontal layers by an open-source slicer programming. The contours file is uploaded 
to the clay printing machine by universal serial bus (USB) port or memory card at the 
control panel port. Clay material is loaded into the material container. The screw 
velocity, nozzle movement speed and infill levels are the parameters setting, in which 
the clay printing machine is set up prior to the extrusion process. To start the extrusion 
process, the clay material is extruded through a connector tube into the screw extruder 
by applying pressure. The pressure is generated by controlling the position of the 
piston, which are controlled by a stepper motor. When the clay is pressed into the 
screw extruder. The clay is pushed and conveyed along the screw channel through a 
nozzle by the screw rotation. The screw is driven by a step motor, which is the key 
component of the extruder. The screw extruder moves along X-Y directions following 
contours data, in which the extruder is controlled by step motors via Computer 

 
(a) the shot pitch, single flight screw  

 
(b) the half pitch, single flight screw 
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Numerical Control (CNC) programming. When a considering layer is complete for all 
contours. The platform is lowered (z direction) with a layer thickness and a new layer 
is fabricated. These two steps are repeated until the model is completely fabricated, 
in which the model is fabricated layer by layer on the platform. The process sequence 
of the clay printing machine is shown in Figure 3.7.  

 

3.2 Materials analysis 
 3.2.1  Evaluation of clay materials 
  Representative clay samples of Dan kwian clay, Compound lampang 
clay and Ratchaburi red clay were prepared in form powder-based. Those clay samples 
were analyzed to study microstructure, clay minerals and mineral compositions which 
are suitable for the clay printing machine. The microstructures of the clay samples 
were analyzed using Scanning electron microscopy (SEM, Carl Zeiss AURIGA) method. 
X-ray diffraction (XRD, Burker D2 phaser) with CuKa radiation (λ = 15406 Å) scanning 

between 0̊ and 70̊ was used to analyze the mineral compositions of the clay samples.  
  

3.2.2 Identify an appropriate formulation of material for the clay printing 
machine 

  Generally, the Dan kwian clay of Dan kwian pottery is mixed between 
Dan kwian clay and Dan kwian sand in proportion 2:1. Which has small particle sizes, 
high viscosity, high plasticity and a lot of iron oxide in the clay. The original Dan kwian 
clay cannot be used in the clay printing machine because of high viscosity. Therefore, 
the Dan kwian clay with water 1,000 mL and different proportion sand mixed were 
prepared in order to decrease the viscosity. The experimental clay formulations are 
shown in Table 3.4.  
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Figure 3.7 The paste extrusion process based on the clay printing machine 
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Table 3.4 Three formulations of the experimental clay 
Formulation Proportion Dan kwian clay (kg) Sand (kg) Water (mL) 

1 1:0 1 0 1,000 
2 1:0.5 1 0.5 1,000 
3 1:1 1 1 1,000 

 
 3.2.3 Experiment design for identifying a formulation of clay material 
  A single factor experiment technique was used to analyze and define a 
suitable clay formulation for the clay printing machine. The experimental clay is a 
factor in which there are three formulations. Each formulation was experimented to 
print five extruded clay filaments in which each length of clay filament is 100 mm. A 
response variable is a width of extruded clay filament that was measured. While fixed 
variables are nozzle diameter, screw velocity and screw pitch. The factor levels, fixed 
variables and a response variable are shown in Table 3.5. The Analysis of variance 
(ANOVA) technique was used to analyze the effects of the factor level in the width of 
the extruded clay filament. 
 
Table 3.5 The printing parameters for the material testing 

Factor Level 

Clay formulations 
1 (1:0:1) 
2 (1:0.5:1) 
3 (1:1:1) 

Printing parameter Value 

Nozzle diameter 6 mm 
Screw extruder velocity 14 mm/s 
Screw pitch 18 mm 
Response variable Value 
The width of extruded clay filament  measurement 
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3.2.3.1 The analysis of variance  
There are three levels of a single factor. Factor A denotes the 

clay formulations in which i th is level of factor A (i = 1, 2, 3). Yij denotes the jth 
response (replication) taken under factor level i (j = 1, 2, 3, 4, 5). Therefore, there are 
15 (3 x 5) total responses, are shown in Table 3.6. The responses are randomly selected 
one by one to arrange the order of the experiment. Therefore, this experiment is a 
completely randomized design in which the order of the experiments is shown Table 
3.7. The effect model that describes the response from this experiment as shown in 
equation 3.3 

ij i ijY   = + +  (3.3) 

Where   is the overall mean, and 
i is a ith level effect. ij is a random experimental 

error. After finishing a treatment experiment, the widths of each extruded clay filament 
were measured by using an ImageJ program. The measurements were taken at three 
positions (1, 2 and 3) as shown in Figure 3.8 in which the mean value of the three 
widths was calculated and recorded in the Table 3.7. 
 
Table 3.6 The arrangement of the single factor for material testing 

Treatment (level) Responses 
1 Y11 Y12 Y13 Y14 Y15 
2 Y21 Y22 Y23 Y24 Y25 
3 Y31 Y32 Y33 Y34 Y35 
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Table 3. 7 The order of the single factor experiment 

Order Level Response Order Level Response 
1 1 Y13 9 1 Y11 
2 3 Y33 10 2 Y22 
3 1 Y12 11 1 Y14 
4 3 Y31 12 2 Y24 
5 2 Y23 13 3 Y35 
6 2 Y25 14 3 Y32 
7 1 Y15 15 3 Y34 
8 2 Y21    

 

 
 

Figure 3.8 An example of measurement by ImageJ program 
 
3.2.3.2 Hypothesis testing 

  By the equation 3.3, the effect of the factor levels has an 
influence on the responses. Therefore, the hypothesis testing was used to analyze the 
influence of the factor level on the responses. The testing focuses on the influences 
of each level factor A (

i ) effect or not effect to the width of the extruded clay filament. 

The null hypothesis ( )0H and alternative hypothesis ( )1H of the factor levels were 

 

1
2 3
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presented in equations 3.4. The P-value approach was used to report the results of a 
hypothesis test. The P-value is the probability that is a smallest level of significance in 
which the null hypothesis was or was not rejected. In this experiment, the smallest 
level of significance is equal to 0.05 in which the null hypothesis was rejected with the 
P-value is less than 0.05 (P-value < 0.05). The values of the P-value were calculated 
from a statistical test. The ANOVA technique was processed with Minitab software 
(Minitab® 18.1: © 2017 Minitab, Inc. All rights reserved). Differences of p < 0.05 were 
determined to be significant. 

0 1 2 3

1

: 0

: 0 for at least one i

H

H i

  



= = =


 (3.4) 

 3.3 Investigate printing parameters 
 3.3.1 Printing parameters 
 In the extrusion process, the clay paste is pushed along the screw channel 
and extruded through a nozzle by rotation of the screw. The screw is controlled by a 
step motor via CNC programming. Therefore, the characters and the amount of the 
extruded clay filament depend on the screw character and the velocity of the rotation 
of the screw. In order to control the diameters and the characters of clay filament, 
screw extruder velocity, screw pitch and nozzle diameter were set as the printing 
parameters. The printing parameters are listed in Table 3.8.  
 
Table 3.8 The printing parameters 

Printing parameter Unit 
Nozzle diameter (N) mm 
Screw extruder velocity (Vs) mm/s 
Screw pitch (P) mm 
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3.3.2 Experiment design for investigate printing parameters of the clay 
printing machine  

  Design of Experiment (DoE) method was applied to study the effect of 
printing parameters (factors) on the width of the extruded clay filament (response 
variable). Therefore, factorial design technique is efficient for this experiment in which 
all combination of the levels of the factors are investigated for each replication of the 
experiment. The ANOVA technique was processed with Minitab software (Minitab® 
18.1: © 2017 Minitab, Inc. All rights reserved). Differences of P-value < 0.05 were 
determined to be significant. To investigate a capability material extrusion of the clay 
printing machine, the printing parameters that effect on the extrusion and their levels 
were determined in order to control the width of the extruded clay filament. There 
are three levels of the screw extruder velocity, three levels of the nozzle diameter 
and two levels of the screw pitch. A response variable is a width of extruded clay 
filament that was measured. While fixed variables are screw length, internal diameter 
of screw, external diameter of screw and helix angle. The printing parameter, fixed 
variable and response variable are shown in Table 3.9. By a factorial design, factor A 
denotes the screw pitch, factor B denotes the nozzle diameter and factor C denotes 
the screw extruder velocity. While Yijk,t denotes the response that are effected from 
factors level i, j, k and their interactions. When i th is level of factor A (i = 1, 2), j th is 
level of factor B (j = 1, 2, 3), k th level is factor C (k = 1, 2,3) and t th is replication (t = 
1, 2, …, n). The effects model of the response in this a factorial experiment shows as 
an equation 3.5. 

 ( ) ( ) ( ) ( ),ijk t i j k ijkij ik jk ijk
Y         = + + + + + + + +  (3.5) 

2 3 3

1 1 1 ,i j k ijk tY

N


= = =  
=  (3.6) 

Where   is the overall mean effect as shown in an equation 3.6. N is total the 

observed responses. 
i is the effect of the ith level factor A. j is the effect of the jth 

level factor B. 
k is the effect of the kth level factor C. ( )

ij
 is the effect of the 

interaction between 
i and j . ( )

ik
  is the effect of the interaction between 

i and 
k
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. ( )
jk

  is the effect of the interaction between j and 
k . ( )

ijk
  is the effect of 

the interaction between 
i , j and 

k . ijk is an error term.  
 
Table 3.9 The experimental parameters 

Printing parameters Factor Level Value 

Screw pitch (P) Ai ; i = 1, 2 2 18, 24 mm 
Nozzle diameter (N) Bj ; j = 1, 2, 3 3 5, 6, 7 mm 
Screw extruder velocity (VS) Ck ; k = 1, 2, 3 3 14, 19, 24 mm/s 

Fixed variable Value Unit 

External diameter (D) 36  mm 
Internal diameter (d) 16 mm 
Screw length (Ls) 75 mm 
Helix angle (Ø) 6̊ degree 

Response variable Value 

The width of extruded clay filament (Yijk,t) measurement 

 3.3.3 The experiments planning 
  In this research, there are three levels of factor A, three levels of factor 
B, two levels of factor C. So, there are 18 (3 x 3 x 2) treatment combinations. Each 
treatment composed of 20 extruded clay filaments (replication) in which each length 
of extruded clay filament is 100 mm. Therefore, there are 360 (3 x 3 x 2 x 20) total 
responses. Factorial design experiments are shown in Table 3.10. The responses are 
randomly selected one by one to arrange the order of the experiment. Therefore, this 
factorial design is a completely randomized design in which the order of the 
experiments is shown Table 3.11. 



 

Table 3.10 The arrangement of a factorial design for extrusion testing 
Factor Ai Factor Bj Factor Ck Response 

A1 

B1 
C1 Y111,1, Y111,2, Y111,3, …, Y1111,8, Y1111,9, Y111,20 
C2 Y112,21, Y112,22, Y112,23, …, Y112,38, Y112,39, Y112,40 
C3 Y113,41, Y113,42, Y113,43, …, Y113,58, Y113,59, Y113,60 

B2 
C1 Y121,61, …, …, …, …, …, Y121,80 
C2 Y122,81, …, …, …, …, …, Y122,100 
C3 Y123,101, …, …, …, …, …, Y123,120 

B3 
C1 …, …, …, …, …, …, … 
C2 …, …, …, …, …, …, … 
C3 …, …, …, …, …, …, … 

A2 

B1 
C1 …, …, …, …, …, …, … 
C2 …, …, …, …, …, …, … 
C3 …, …, …, …, …, …, … 

B2 
C1 …, …, …, …, …, …, … 
C2 …, …, …, …, …, …, … 
C3 …, …, …, …, …, …, … 

B3 
C1 Y231,301, …, …, …, …, …, Y231,320 
C2 Y232,321, …, …, …, …, …, Y232,340 
C3 Y233,341, …, …, …, …, …, Y233,360 
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Table 3.11 The order of the factorial design experiments 
Order Screw pitch 

(Ai) 
Nozzle diameter 

(Bj) 
Screw extruder velocity 

(Ck) 
Response 

1 24 6 19 Y222,1 
2 24 6 19 Y222,2 
3 24 6 19 Y222,3 
. . . . . 
. . . . . 

20 24 6 19 Y222,20 
21 18 6 19 Y122,21 
22 18 6 19 Y122,22 
. . . . . 
. . . . . 

40 18 6 19 Y122,40 
41 24 5 14 Y211,41 
42 24 5 14 Y211,42 
. . . . . 
. . . . . 

60 24 5 14 Y211,60 
61 24 7 24 Y233,61 
62 24 7 24 Y233,62 
. . . . . 
. . . . . 

80 24 7 24 Y233,80 
81 18 5 19 Y112,81 
82 18 5 19 Y112,82 
. . . . . 
. . . . . 

100 18 5 19 Y112,100 
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Table 3.11 (Continued) 
Order Screw pitch 

(Ai) 
Nozzle diameter 

(Bj) 
Screw extruder velocity 

(Ck) 
Response 

101 24 7 14 Y221,101 
102 24 7 14 Y221,102 
103 24 7 14 Y221,103 

. . . . . 

. . . . . 
120 24 7 14 Y221,120 
121 18 5 24 Y113,121 
122 18 5 24 Y113,122 

. . . . . 

. . . . . 
140 18 5 24 Y113,140 
141 24 5 19 Y213,141 
142 24 5 19 Y213,142 

. . . . . 

. . . . . 
160 24 5 19 Y213,160 
161 18 6 14 Y121,161 
162 18 6 14 Y121,162 

. . . . . 

. . . . . 
180 18 6 14 Y121,180 
181 24 6 24 Y223,181 
182 24 6 24 Y223,182 

. . . . . 

. . . . . 
200 24 6 24 Y223,200 
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Table 3.11 (Continued) 
Order Screw pitch 

(Ai) 
Nozzle diameter 

(Bj) 
Screw extruder velocity 

(Ck) 
Response 

201 18 7 19 Y132,201 
202 18 7 19 Y132,202 
203 18 7 19 Y132,203 

. . . . . 

. . . . . 
220 18 7 19 Y132,220 
221 24 7 14 Y231,221 
222 24 7 14 Y231,222 

. . . . . 

. . . . . 
240 24 7 14 Y231,240 
241 24 5 24 Y213,241 
242 24 5 24 Y213,242 

. . . . . 

. . . . . 
260 24 5 24 Y213,260 
261 24 6 14 Y221,261 
262 24 6 14 Y221,262 

. . . . . 

. . . . . 
280 24 6 14 Y221,280 
281 18 7 14 Y131,281 
282 18 7 14 Y131,282 

. . . . . 

. . . . . 
300 18 7 14 Y131,300 
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Table 3.11 (Continued) 
Order Screw pitch 

(Ai) 
Nozzle diameter 

(Bj) 
Screw extruder velocity 

(Ck) 
Response 

301 24 5 14 Y211,301 
302 24 5 14 Y211,302 
303 24 5 14 Y211,303 

. . . . . 

. . . . . 
320 24 5 14 Y211,320 
321 18 6 24 Y123,321 
322 18 6 24 Y123,322 

. . . . . 

. . . . . 
340 18 6 24 Y123,340 
341 18 7 24 Y133,341 
342 18 7 24 Y133,342 

. . . . . 

. . . . . 
360 18 7 24 Y133,360 

3.3.4 Hypothesis testing  
By the equation 3.4, the effect of the factors and their interactions have 

an influence on the responses. Therefore, the hypothesis testing was used to analyze 
the influence of the factors and their interactions on the responses. The null 

hypothesis ( )0H and alternative hypothesis ( )1H of the factors and their interactions 
in this research were presented in equations 3.7 – 3.13. In this research, the P-value 
approach was used to report the results of a hypothesis test. The P-value is the 
probability that is a smallest level of significance in which the null hypothesis was or 
was not rejected. In this experiment, the smallest level of significance is equal to 0.05 
in which the null hypothesis was rejected with the P-value is less than 0.05 (P-value < 
0.05). The values of the P-value were calculated from a statistical test. The screw pitch 
(factor Ai), nozzle diameter (factor Bj) and screw extruder velocity (factor Ck) are the 
printing parameters, were studied in the hypothesis testing. For the screw pitch (factor 
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Ai), the influences of each level factor A (
i ) effect or not effect to the width of the 

extruded clay filament. The statement of the null hypothesis and alternative 
hypothesis are shown as equation 3.7.  

0 1 2

1

: 0

: 0 for at least one i

H

H i

 



= =


 (3.7) 

For the nozzle diameter (factor Bj), the influences of each level factor B ( j ) effect or 
not effect to the extruded clay filament diameter. The statement of the null 
hypothesis and alternative hypothesis are shown as equation 3.8. 

0 1 2 3

1 at l0 east 

: 0

:  fo onr e j j

H

H

  



= = =


 (3.8) 

For the screw extruder velocity (factor Ck), the influences of each level factor C (
k ) 

effect or not effect to the width of the extruded clay filament. The statement of the 
null hypothesis and alternative hypothesis are shown as equation 3.9. 

  
0 1 2 3

1

: 0

: 0 for at least one k

H

H k

  



= = =


 (3.9) 

For two-factor interaction effects of interaction AB, the influences of each treatment 

interactions between 
i and j effect or not effect to the width of the extruded clay 

filament. The statement of the null hypothesis and alternative hypothesis are shown 
as equation 3.10. 

( ) ( ) ( )

( )

0 11 12 23

1

: ... 0

: 0 for at least one
ij

H

H

  



= = = =


 (3.10) 

For two-factor interaction effects of interaction AC, the influences of each treatment 
interactions between 

i  and 
k  effect or not effect to the width of the extruded clay 
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filament. The statement of the null hypothesis and alternative hypothesis are shown 
as equation 3.11. 

( ) ( ) ( )

( )

0 11 12 23

1

: ... 0

: 0 for at least one
ik

H

H

  



= = = =


 (3.11) 

For factor B and C treatment interactions, the influences of each treatment interactions 

between j  and 
k  effect or not effect to the width of the extruded clay filament. 

The statement of the null hypothesis and alternative hypothesis are shown as 
equation 3.12. 

  
( ) ( ) ( )

( )

0 11 12 33

1

: ... 0

: 0 for at least one
jk

H

H

  



= = = =


 (3.12) 

For thee-factor interaction effects of interaction ABC, the influences of each treatment 

interactions between 
i , j  and 

k  effect or not effect to the width of the extruded 
clay filament. The statement of the null hypothesis and alternative hypothesis are 
shown as equation 3.13. In general, the interaction ABC component has no practical 
interpretation, which is not analyzed in this experiment.  

( ) ( ) ( )

( )

0 111 112 233

1

: ... 0

: 0 for at least one
ijk

H

H

  



= = = =


 (3.13) 

3.3.5 Extrusion tests 
  To investigate a capability material extrusion of the clay printing 
machine, a straight-line printing test was designed to analyze the characters and 
appearances of the extruded clay filaments. The movement and extrusion system of 
the clay printing machine have been controlled by step motors which are controlled 
via CNC programming. So, this programming controls the functions of the machine 
using G-Code generated by a computer. The G-Code was used to generate the straight-
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line with the printing parameters as shown in Figure 3.9. A G1 command is a movement 
of the nozzle following a straight line in the X and Y axis direction with the moving 
speed (F) along the axis. E code is an extrusion command.  

 
 

Figure 3.9 An example of G-code generated by a computer 

In this the factorial design, there are 18 treatment combinations. Each treatment 
composed of 20 extruded clay filaments (replication) in which each length of extruded 
clay filament is 100 mm. While the distance between platform and nozzle were also 
equal to the nozzle diameter as shown in Figure 3.10. After finishing a treatment 
experiment, the widths of each extruded clay filament were measured by using an 
ImageJ program. The measurements were taken at three positions (1, 2 and 3) as shown 
in Figure 3.8 in which the mean value of the three widths was calculated and recorded 
in the Table 3.11. After complete experiment, the ANOVA technique was used to 
analyze the effects of the factors and their interactions. 
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Figure 3.10 A diagram of experimental extrusion 

  In Chapter III, the clay printing machine was developed based on the 
paste extrusion process, in which the main functions of the screw extruder are 
compression and conveyance of the clay material through a nozzle. Three 
formulations of the clay material were present to identify a proper formulation for the 
clay printing machine. A single factor experiment technique was used to analyze and 
define a proper clay formulation for the machine. Then, the printing parameters were 
investigated to analyze the effects of the parameters on the extruded clay filament 
by the ANOVA technique. The analysis of the experimental results was described in 
Chapter IV. 

 

Nozzle diameter 

Height = Nozzle diameter 

100 mm 

Material inlet 

Motor 

Extruded Clay filament 



 

CHAPTER IV 
EXPERIMENTAL RESULTS AND DISSCUSION  

 
 This chapter display the microstructure and clay mineral compositions of clay 
samples. The experimental results of the identification a proper formular of clay 
material for the clay printing machine and the experiment of material deposition of 
the clay printing machine were presented. The experimental results were analyzed 
to identify a proper formulation, which was used to extrude in the clay printing 
machine. The results of the experiment of material deposition were analyzed to 
investigate the effects of the printing parameters and their interactions by the ANOVA 
technique. Then, the hypotheses were tested and the linear model relating the 
width of clay filament to the main effects was presented. 
 

4.1  The microstructure and clay mineral compositions of clay 
materials 

 4.1.1 The microstructure of clay materials 
 Scanning electron microscopy (SEM) image of the Dan kwian clay is 
presented in Figure 4.1. Microstructure of the Dan kwian clay shows the typical mix 
of rounded and flakey particles. SEM image of the Compound lampang clay is 
presented in Figure 4.2 and SEM image of the Ratchaburi red clay is presented in 
Figure 4.3. Microstructure of the Compound lampang clay and the Ratchaburi red 
clay shown the typical laminar structure of flakey particles. The rounded geometry of 
particle shape has the lowest restriction in terms of anchoring sides limiting the flow 
through the printing nozzle (Carlos and Henry., 2019). Which is suitable to flow 
through the nozzle, when compared to other particle shapes. 
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Figure 4.1 The SEM image of the Dan kwian clay 

 

 
 

Figure 4.2 The SEM image of the Compound lampang clay 
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Figure 4.3 The SEM image of the Ratchaburi red clay  

 
 4.1.2 The mineral compositions of clay materials 

 The mineral compositions of the clay materials were analyzed by the 
X-ray diffraction (XRD) method. The XRD diffractograms of the clay samples are 
presented in Figure 4.5.  Quartz (SiO2) and kaolinite (Si2Al2O5(OH)4) were detected in 
all clay samples in which quartz is the main mineral composition. The kaolinite and 
illite (KyAl4(Si8-yAly)O20(OH)4, 1 < y < 1.5) are the minor mineral compositions, which 
were detected in the Ratchaburi red clay and the Compound lampang clay as shown 
in Figure 4.5 (a) and (b). Especially, Compound lampang clay has higher intensity peak 
of the kaolinite than the Ratchaburi red clay and the Dan kwian clay. The XRD 
diffractogram of the Dan kwian clay is presented in Figure 4.5 (c) in which the quartz 
and the kaolinite were detected. The Dan kwian clay has higher intensity peak of the 
quartz than the Ratchaburi red clay and the Compound lampang clay. The quartz 
crystal does not expand when clay is added to water. The kaolinite also does not 
absorb water and expands when clay is wet. The structure of kaolinite is fixed due to 
hydrogen bounding in which there is no expansion between the layers and low 
swelling (Kumari and Mohan., 2021). Therefore, clay models that were formed by the 
Dan kwian clay are able to stable shape than other clay because of the high quartz 
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and the kaolinite component. On the other hand, the illite has a structural layer in 
which it expands when the clay is added to water. Which can be swelling by water 
molecules or cation infiltration (Li et al., 2021). The illite structure is an oxygen-
oxygen linkage that causes higher space between layers than a hydrogen bonding of 
kaolinite structure (Mana, Hanafiah, and Chowdhury., 2018). 

 

 
 

Figure 4.4 The XRD diffractograms of the clay samples : (a) Ratchaburi red clay,  
  (b) Compound lampang clay, and (c) Dan kwian clay 
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4.2  The results of the identification a proper formulation of clay 
material for the clay printing machine 
To identify a proper formulation of clay material for the clay printing 

machine. the results of this experiment are shown in Table 4.1, which are the width 
of the extruded clay filament. The extruded clay filaments are shown in Figure 4.1, 
were observed that the lines of the extruded clay filament with the formulation 1 
(1:0) led to discontinuous lines as shown in Figure 4.5 (a). The lines of the extruded 
clay filament with the formulation 3 (1:1) led to large width and shown wavy 
character as shown in Figure 4.5 (c). While the lines of the extruded clay filament 
with the formulation 2 (1:0.5) demonstrate smooth and complete characters as 
shown in Figure 4.5 (b). 

Table 4.1 The widths of extruded clay filament with different clay formulations 
Treatment (level) Responses 

1 5.455 5.000 5.707 5.598 5.156 

2 6.326 6.210 6.204 6.253 6.338 

3 7.846 7.897 8.103 7.667 7.526 
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Figure 4.5 The results of the line test 
 

 
 

(a) Line test of extruded clay filament with formulation 1 (1:0:1) 
 

 
 

(b) Line test of extruded clay filament with formulation 2 (1:0.5:1) 

 
 

(c) Line test of extruded clay filament with formulation 3 (1:1:1)  
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 4.2.1 Analysis of variance for the width of extruded clay filament  
The ANOVA technique was processed with Minitab software in order 

to investigate the factor effect. The result of the ANOVA for the widths of extruded 
clay filament is summarized in Table 4.2. In this experiment, the smallest level of 
significance is equal to 0.05 in which the null hypothesis was rejected with the P-
value is less than 0.05 (P-value < 0.05). The result of the ANOVA was found that P-
value = 0.000 which less than 0.05. Therefore, the result of a hypothesis test is the 
null hypothesis ( 0H ) in equation 4.1 that was rejected at the 0.05 level of 
significance. That means the different clay formulations affect the mean width of 
extruded clay firmament. To check of the normality assumption, a normal probability 
plot of the residuals was used to investigate the normality assumption. The normal 
probability plot of the residuals is shown in Figure 4.6 in which the residuals 
distribute nearly the straight line. That implies this plot is normal. In addition, the 
plot of the residuals versus the fitted values presents structureless pattern as shown 
in Figure 4.7. A plot of the residuals versus observation order is shown in Figure 4.8. 
The residuals distribute in positive and negative residuals in which that implies this 
plot is an independence assumption. 

0 1 2 3

1

: 0

: 0 for at least one i

H

H i

  



= = =


 (4.1) 

Table 4.2 Analysis of variance for the widths of extruded clay filament 

Source of variation 
Degree of 
freedom 

Sum of 
squares 

Mean 
square 

F-value P-value 

Level 2 15.0582 7.52909 159.53 0.000 
Error 12 0.5663 0.04719   
Total 14 15.6245    
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Figure 4.6 The normal probability plot of the residuals 

 

 
 

Figure 4.7 The plot of the residuals versus the fitted values 
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Figure 4.8 The plot of the residuals versus observation order 

 Figure 4.9 presents a plot of the main effect which has a positive effect. The 
mean width at each level was shown. In the preliminary experiment, the expected 
width of extruded clay filaments is equaled to the nozzle diameter (6 mm). The 
mean width at level 2 is 6.2662 mm which is close to the expected value. In 
addition, the extruded clay filament with this formulation demonstrates smooth and 
complete characters as shown in Figure 4.1 (b). Therefore, the clay formulation 1:0.5 
(level 2) was a suitable formulation that was used to extrude in the clay printing 
machine.  

 
 

Figure 4.9 The main effects plot 
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4.3 The results of the experiment of material deposition of the clay 
printing machine 

 To develop a capability material deposition of the clay printing machine, the 
experiment of material extrusion of the machine was conducted. The screw pitch (P), 
nozzle diameter (N) and screw extruder velocity (Vs) are the printing parameters that 
affect the characters of the extruded clay filament. The results of this experiment are 
shown in Table 4.3, which are the width of the extruded clay filament. Experimental 
examples of the extruded clay filament for 18 mm screw pitch with different nozzle 
diameter and screw extruder velocity were shown in Figure 4.10. While experimental 
examples of the extruded clay filament for 24 mm screw pitch with different nozzle 
diameter and screw extruder velocity were shown in Figure 4.11. 
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Figure 4.10 Examples of the extruded clay filament with 18 mm screw pitch 
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Figure 4.11 Examples of the extruded clay filament with 24 mm screw pitch 
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Table 4.3 The widths of extruded clay filament with printing parameters 
Factor Ai Factor Bj Factor Ck Response 

18 mm 

5 mm 
14 mm/s 6.071 5.749 5.887 5.841 5.535 5.795 5.780 5.474 6.101 6.025 
19 mm/s 7.080 7.064 6.820 6.774 6.835 6.449 6.407 5.964 6.315 6.682 
24 mm/s 7.065 7.523 7.554 7.431 7.309 8.242 7.752 8.028 8.249 8.333 

6 mm 
14 mm/s 5.481 5.511 5.390 5.766 5.721 5.571 5.450 5.826 6.036 5.766 
19 mm/s 7.012 7.102 7.267 7.282 7.342 7.237 7.282 7.012 7.207 6.947 
24 mm/s 7.177 6.697 6.727 6.697 7.072 6.306 6.847 7.042 7.087 6.787 

7 mm 
14 mm/s 6.116 5.703 5.385 5.706 5.428 5.581 6.053 6.300 5.430 5.444 
19 mm/s 6.957 6.499 6.315 6.621 6.086 6.333 6.451 6.162 6.330 5.951 
24 mm/s 7.217 7.080 7.248 7.263 7.294 7.691 7.202 7.569 7.504 6.927 

24 mm 

5 mm 
14 mm/s 4.404 4.725 4.734 4.633 5.122 4.755 5.138 4.847 4.432 5.002 
19 mm/s 5.979 5.353 6.005 6.040 5.753 6.239 5.795 5.687 5.413 5.750 
24 mm/s 6.147 7.248 6.518 6.790 6.713 6.682 6.820 7.280 7.004 6.270 

6 mm 
14 mm/s 5.886 6.441 6.547 6.607 6.622 6.592 6.547 6.381 6.246 6.066 
19 mm/s 6.441 6.231 6.622 7.132 6.547 6.712 6.832 6.366 6.592 6.622 
24 mm/s 7.252 7.207 7.417 7.342 7.177 7.974 7.808 7.688 7.703 7.985 

7 mm 
14 mm/s 5.979 5.871 6.086 6.269 5.749 5.826 5.658 5.703 5.994 6.131 
19 mm/s 6.315 6.483 6.272 6.242 6.437 6.560 6.346 6.407 6.346 6.502 
24 mm/s 6.682 7.034 7.110 7.125 7.141 7.156 7.202 7.263 7.355 7.125 
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Table 4.3 (Continued) 
Factor Ai Factor Bj Factor Ck Response 

18 mm 

5 mm 
14 mm/s 5.765 5.963 5.841 6.184 6.070 5.627 5.612 5.336 5.551 5.581 
19 mm/s 7.018 6.911 6.774 6.942 7.003 7.171 6.330 6.850 6.667 6.667 
24 mm/s 8.028 8.257 8.180 7.783 8.058 8.119 8.103 8.149 8.058 8.043 

6 mm 
14 mm/s 5.856 5.706 5.499 5.841 5.751 5.676 5.856 5.631 5.976 5.931 
19 mm/s 7.027 6.967 7.057 7.402 7.192 6.982 7.132 7.297 7.462 7.613 
24 mm/s 7.102 7.147 7.012 6.847 7.327 6.907 6.877 7.658 6.967 6.742 

7 mm 
14 mm/s 5.749 5.994 5.747 6.069 5.550 6.009 5.795 5.792 5.810 5.536 
19 mm/s 6.697 6.483 6.055 6.132 6.590 6.483 6.483 6.132 6.315 6.636 
24 mm/s 7.294 7.218 7.263 6.957 7.752 7.615 7.284 7.171 7.447 6.942 

24 mm 

5 mm 
14 mm/s 4.482 4.805 4.664 4.710 4.588 4.771 4.890 4.756 4.603 4.541 
19 mm/s 6.133 5.903 6.056 5.961 6.744 6.852 6.346 6.254 5.658 5.673 
24 mm/s 5.811 5.904 7.168 7.356 6.458 7.002 7.141 6.438 7.157 6.698 

6 mm 
14 mm/s 5.991 6.426 6.216 6.126 6.396 6.487 6.456 5.991 6.081 6.006 
19 mm/s 6.306 6.532 6.967 7.012 7.252 7.372 7.132 7.132 6.907 6.922 
24 mm/s 8.183 7.447 7.958 7.568 7.312 8.018 7.793 7.988 7.808 8.093 

7 mm 
14 mm/s 5.780 5.474 5.703 5.887 5.826 5.948 6.196 5.780 5.902 5.979 
19 mm/s 6.285 6.318 6.743 6.743 6.682 6.437 6.682 6.361 6.453 6.743 
24 mm/s 7.447 7.569 7.340 7.416 7.263 7.401 7.569 7.370 6.713 6.988 



61 

 

4.4 Analysis of experimental results 
 The ANOVA technique was processed with Minitab software in order to 
investigate the effect of the factors and their interactions. The result of the ANOVA 
for the widths of extruded clay filament is summarized in Table 4.4.  

Table 4.4 Analysis of variance for the widths of extruded clay filament 

Source of variation 
Degree 

of 
freedom 

Sum of 
squares 

Mean 
square F-value P-value 

Model 13 210.529 16.1945 161.24 0.000 
  Linear 5 171.695 34.3389 341.89 0.000 
    Screw pitch 1 4.176 4.1755 41.57 0.000 
    Nozzle diameter 2 12.480 6.2401 62.13 0.000 
    Screw extruder Velocity 2 155.039 77.5194 771.80 0.000 
  2-Way Interactions 8 38.834 4.8543 48.33 0.000 
   Screw pitch* Nozzle 
diameter 

2 28.760 14.3800 143.17 0.000 

   Screw pitch* Screw 
extruder Velocity 

2 1.033 0.5165 5.14 0.006 

   Nozzle diameter * Screw 
extruder Velocity 

4 9.041 2.2603 22.50 0.000 

Error 346 34.752 0.1004       
  Lack-of-Fit 4 8.044 2.0109 25.75 0.000 
  Pure Error 342 26.708 0.0781       
Total 359 245.281          

In this experiment, the smallest level of significance is equal to 0.05 in which 
the null hypothesis was rejected with the P-value is less than 0.05 (P-value < 0.05). 
The result of the ANOVA was found that P-values of the factors and their interactions 
less than 0.05. Therefore, the results of the hypothesis tests are the null hypothesis 
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( 0H ) of the factors and their interactions was rejected at the 0.05 level of 
significance. The experiment can conclude as:  

I. The effects of significant factors 

• The influence of the screw pitch ( i ) effects to the width of the 
extruded clay filament. 

• The influence of the nozzle diameter ( j ) effects to the width of the 
extruded clay filament. 

• The influence of the screw extruder velocity ( k ) effects to the width 
of the extruded clay filament. 

II. The effects of significant interactions  

• The influence of the interaction between the screw pitch and the 
nozzle diameter ( )

ij
  effects to the width of the extruded clay 

filament. 

• The influence of the interaction between the screw pitch and screw 
extruder velocity ( )

ik
  effects to the width of the extruded clay 

filament. 

• The influence of the interaction between the nozzle diameter and 
screw extruder velocity ( )

jk
 effects to the width of the extruded 

clay filament. 
To check of the normality assumption, a normal probability plot of the 

residuals was used to investigate the normality assumption. The normal probability 
plot of the residuals is shown in Figure 4.12 in which the residuals were plotted close 
to a straight line. That implies this plot is normal. In addition, the plot of the 
residuals versus the fitted values presents structureless pattern as shown in Figure 
4.13. A plot of the residuals versus observation order is shown in Figure 4.14. The 
residuals distribute in positive and negative residuals in which that implies this plot is 
an independent assumption. 
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Figure 4.12 The normal probability plot of the residuals  

 
 

Figure 4.13 The plot of the residuals versus the fitted values 
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Figure 4.14 The plot of the residuals versus observation order 

4.5 Analysis of the effects of main factors and interactions 
 The screw pitch, nozzle diameter and screw extruder velocity are the 
significant factors that affect the width of extruded clay filament.  In addition, the 
significant interactions between the fasters affect the width of extruded clay filament 
too.  

4.5.1 Analysis of the main effects 
  Figure 4.15 presents plots of three main effects in which the mean 
width at the levels of three factors were plotted. The overall mean width is equal to 
6.528 mm as shown in a dash line. The linear graphs show the influence of the main 
factors.  

I. For the screw pitch factor, the linear graphs show a negative 
main effect. The mean width decreases when the screw pitch 
decreases. There are two levels factor. The screw pitch of 18 mm 
denotes a low level, while 24 mm denotes a high level. The low level 
has a mean width equal to 6.636 mm, while the high level has a 
mean width equal to 6.420 mm.  

II. For the nozzle diameter factor, there are three levels factor. 
The nozzle diameter of 5 mm denotes a low level, 6 mm denotes an 
intermediate level and 7 mm denotes a high level. The mean width 
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increases from the low level to the intermediate level and decreases 
from the intermediate level to the high level. The low level has a 
mean width equal to 6.314 mm, the intermediate level has a mean 
width equal to 6.768 mm and the high level has a mean width equal 
to 6.502 mm. 

III. For the screw extruder velocity factor, the linear graphs show a 
positive main effect. The mean width increases when the screw 
extruder velocity increases. There are three levels factor. The screw 
extruder velocity of 14 mm/s denotes a low level, 19 mm/s denotes 
an intermediate level and 24 mm/s denotes a high level. The low 
level has a mean width equal to 5.694 mm. The intermediate level 
has a mean width equal to 6.591 mm and the high level has a mean 
width equal to 7.298 mm. 

 
 

Figure 4.15 The main effect plots 

4.5.2 Analysis of the interaction effects 
There are the significant interactions between the screw pitch and the 

nozzle diameter, the screw pitch and the screw extruder velocity and the nozzle 
diameter and screw extruder velocity. Figure 4.16 presents plots of the interaction 
effects in which the linear graphs show the influence of the interaction effects. 
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I. The interactions between the screw pitch and the nozzle 
diameter indicates that the screw pitch effect is small when the 
nozzle diameter is at the intermediate and high level, whereas the 
screw pitch effect is high when the nozzle diameter is at the low 
level. The mean width of the intermediate and high level nozzle 
diameter increase when the screw pitch increases, whereas the mean 
width of the low level nozzle diameter decreases when the screw 
pitch increases. 

II. The interactions between the screw pitch and the screw 
extruder velocity indicates that the mean width of each level screw 
extruder velocity decreases when the screw pitch increases. The screw 
pitch effect is small when the screw extruder velocity is at the low 
level. While the screw pitch effect is large when the screw extruder 
velocity is at the intermediate and high level. 

III. The interactions between the nozzle diameter and the screw 
extruder velocity indicates that the nozzle diameter effect is small 
when the screw extruder velocity is at the high level. The mean 
widths increase when the screw extruder velocity increases from low 
level to intermediate level, and when the nozzle diameter increases 
from low level to intermediate level. The intermediate level screw 
extruder velocity gives the highest mean width when nozzle diameter 
is at the intermediate level.  
The response optimization function in the Minitab program was used 

to estimate the optimal conditions of the parameters. The results are shown in Table 
4.5, were found that if the nozzle diameter of 5 mm was used. The screw pitch 
should be equal to 24 mm and the screw extruder velocity should be equal to 14 
mm/s. The mean width of the extruded clay filament is 5.106 ± 0.13 mm with a 
confidence interval of 95%. If the nozzle diameter of 6 mm was used. The screw 
pitch should be equal to 24 mm and the screw extruder velocity should be equal to 
16.38 mm/s. The mean width of the extruded clay filament is 6.000 ± 0.069 mm with 
a confidence interval of 95%. If the nozzle diameter of 7 mm was used. The screw 
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pitch should be equal to 18 mm and the screw extruder velocity should be equal to 
23.12 mm/s. The mean width of the extruded clay filament is 7.000 ± 0.122 mm with 
a confidence interval of 95%. From these results, the means width of the extruded 
clay filament increases when the nozzle diameter and the screw extruder velocity 
increase, whereas the screw pitch decreases. The range of nozzle diameter that has 
been typically using in a conventional screw extruder for commercial clay printing 
machines is 2-10 mm (Ruscitti, Tapia and Rendtorff., 2020). The large nozzle diameter 
and layer high lead to poor precision dimensions and surface finish of models when 
compared with the small nozzle diameter and layer high. However, the smaller 
nozzle diameter and layer high lead to increase printing time. 

Table 4.5 The optimal conditions of the parameters 
Parameters Mean width 95% CI 

Nozzle diameter Screw pitch Screw velocity   
5 24 14 5.106 ±0.13 
6 24 16.38 6.000 ±0.069 
7 18 23.12 7.000 ±0.122 

 
 

Figure 4.16 The interaction effect plots 
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4.6 Estimation of the width of the extruded clay filament 
A fitting regression model method was used to present a relationship 

between the width of the extruded clay filament and the significant factors and 
interactions. A multiple linear regression model that are used to formulate this 
relationship as shown in equation 4.2. 

0 1 1 2 2 3 3 4 1 2 5 1 3 6 2 3Y x x x x x x x x x       
       

= + + + + + + +  (4.2) 

Where Y


 represents the width of the extruded clay filament. 
0


represents the 

overall mean. j


, j=1, 2, …, 6 represent the regression coefficients. 1x represents the 
screw pitch (P). 2x represents the nozzle diameter (N) and 3x represents the screw 
extruder velocity (Vs). The screw pitch, the nozzle diameter, the screw extruder 
velocity are the significant factors. The interactions between the screw pitch and the 
nozzle diameter, the nozzle diameter and the screw extruder velocity are the 
significant interactions. Therefore, the fitted regression model for predicting the width 
of extruded clay filament is shown as equation 4.3. The R-squared (R2) value of the 
model is 73.73% and an adjusted R2 is 73.36%, which indicate a suitable accuracy. 
The predicted values that were calculated by equation 4.3 were shown in Table 4.6.  

( ) ( ) ( ) ( )( ) ( )( )s s
11.02 0.5567 P 1.130 N 0.3494 V 0.08680 P N 0.03151 N VY



= − − + + −  (4.3) 
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Table 4.6 The predicted values of the width of extruded clay filament  

Screw pitch 
(mm) 

Nozzle diameter 
(mm) 

Screw extruder velocity 
(mm/s) 

Predicted value 
(mm) 

18 

5 

14 5.847 

19 6.807 

24 7.766 

6 

14 5.839 

19 6.640 

24 7.442 

7 

14 5.830 

19 6.474 

24 7.118 
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Table 4.6 (Continued) 

Screw pitch 
(mm) 

Nozzle diameter 
(mm) 

Screw extruder velocity 
(mm/s) 

Predicted value 
(mm) 

24 

5 

14 5.111 

19 6.070 

24 7.030 

6 

14 5.623 

19 6.425 

24 7.227 

7 

14 6.135 

19 6.779 

24 7.424 

 



 

CHAPTER V 
Conclusions 

 

5.1 Conclusion 
The clay printing machine was developed based on the paste extrusion 

process in this research. This development contributes to improving the pottery 
forming process. In traditional pottery forming process, clay models are 
manufactured by using hand throwing on a pottery wheel. This process needs special 
control and proficient individual experience of the potter due to the clay models 
flexibly deform. In order to overcome these limitations, the clay printing machine 
was presented to improve pottery manually fabrication to automatic construction. In 
addition, the clay printing machine is able to form the clay models with complex 
geometry and apply to the other paste materials. That will open the new 
applications for various industries. The development process consists of the designing 
of a screw extruder, identification an appropriate formular of material and testing a 
capability material deposition of the machine. The principle of this machine is the 
deposition of clay materials through a nozzle in order to form 3D models layer-by-
layer without mold and die.  

The clay printing machine composes five major components as a material 
container for delivering system, a screw extruder for extrusion, a platform, the 
movement system and a control panel. The screw extruder is the key component of 
extrusion process in which the main functions of the extruder are compression and 
transportation of the clay paste through a nozzle. The clay paste is pushed along the 
screw channel and extruded through a nozzle by rotation of the screw. Therefore, 
the characters and the amount of the extruded clay filament depend on the screw 
character and the velocity of the rotation of the screw. To develop the capability of 
material deposition, the screw pitch, the nozzle diameter and the screw extruder 
velocity are the printing parameters, which were studied to analyze the effects of the
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printing parameters on the extruded clay filament. The experimental results can be 
summarized as follows. 

5.1.1 The microstructure and clay mineral compositions of clay 
materials 

  Clay samples were analyzed microstructure by Scanning electron 
microscopy (SEM, Carl Zeiss AURIGA) method and evaluated clay mineral 
compositions by the X-ray diffraction (XRD, Burker D2 phaser) method. The 
Microstructure of Dan kwian clay was shown that the typical mix of rounded and 
flakey particles. The rounded geometry of particle shape has the lowest restriction in 
terms of anchoring sides limiting the flow through the printing nozzle. The XRD 
diffractogram of Dan kwian clay was shown that the XRD peaks of quartz and 
kaolinie. The quartz crystal and the structure of kaolinite do not expand when clay is 
added to water. Therefore, clay models that were formed by the Dan kwian clay are 
able to stable shape than other clay. 

5.1.2 An appropriate formular of material for the clay printing machine 
The different clay formulations were tested to define a proper 

formulation for the clay printing machine, the experimental results were found that 
the mean width with the clay formulation 1:0.5 (Dan kwian clay : Sand) is 6.2662 mm 
which is close to the expected value. In addition, each of the lines with this 
formulation demonstrates complete and smooth characters. Therefore, the clay 
formulation 1:0.5 was a suitable formulation that was used to extrude in the clay 
printing machine. 

5.1.3 The influences of the printing parameters on the width of 
extruded clay filament 
The experimental results of the analysis of variance were shown that 

the screw pitch, the nozzle diameter, the screw extruder velocity and their 
interactions effect on the width of the extruded clay filament. The screw pitch factor 
has a negative effect in which the mean width decreases when the screw pitch 
decreases. The screw extruder velocity factor has a positive effect in which the mean 
width increases when the screw extruder velocity increases. For the nozzle diameter 
factor, the mean width increases from the low level to the intermediate level and 
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decreases from the intermediate level to the high level. To relate the relationship 
between the width of the extruded clay filament and the significant factors, a 
multiple linear regression model was formulated to describe this relationship as: 

( ) ( ) ( ) ( )( ) ( )( )s11.02 0.5567 P 1.130 N 0.3494 V 0.08680 P N 0.03151 N VY


= − − + + −  

The R-squared (R2) value of the model is 73.73% and an adjusted R2 is 73.36%, which 
indicate a suitable accuracy. By examination of residuals, the normal plot of these 
residual was accepted in a normality assumption. The plots of the residuals versus 
the fitted value and the observation order were accepted in an independence 
assumption.  
 

5.2 Recommendations for future research 
 5.2.1 The viscosity changing of clay material 

During the experimental process, it was observed that the viscosity of 
clay material increases when an extrude time increases. The effect of the viscosity 
changing should be studied in future research. 

5.2.2 Other variables  
The nozzle movement speed, the distance between the nozzle and 

the platform and other variables should be studied to investigate the effects on the 
extruded clay filament.  

5.2.3 Clay models 
An interesting topic for future research should be studied to analyze 

the appearance of clay models after completely dried. 
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APPENDIX II 

Microstructures of Clay Materials 

 

 

 

 

 

 



 

Microstructures of Clay Materials  
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Figure A 2.1 The SME images of the Dan kwian clay : (a) x5,000 magnification and 

 (b) x15,000 magnification   
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(a) 
 

 
(b) 

 
Figure A 2.2 The SME images of the Ratchaburi red clay : (a) x5,000 magnification 

 and (b) x15,000 magnification 
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(a) 
 

 
(b) 

 
Figure A 2.3 The SME images of the Compound lampang clay : (a) x5,000 
 magnification and (b) x15,000 magnification 
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