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Abstract 

Additive manufacturing has been a turning point within typical 

manufacturing methods and became a critical face in the digitalization of 

industry. For this reason, this document is focused on slurry-based 3D 

printers, where non-common variables that describes its behaviour need to be 

tackled. Through the text, a general framework and overview of the current 

situation of the technology is described by setting a scenario, where new re-

designed components are used to enhance the performance of a ceramic delta 

printer. Throughout this project, the assembly of both delta robot and extruder 

is accomplished and a detailed study in the extruder system is conducted. 

Finally, the evaluation of the key performance indicators, such as build rate 

and extrusion speed, is used as the aim of the Thesis from an engineering 

perspective, which enables the reader to understand the processes in detail. 

As a result, strength and weaknesses are analysed to disclose the future steps 

required for further development of this prototype.  
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Preface 

Cavanilles sobre el Molinar d’Alcoi: 

“En el seu origen forma un cercle de 40 pams de diàmetre tancat per una paret, 

brota sense bullir ni estrèpit en un fons horitzontal cobert d’arena blanquinosa 

amb cantons i xina on naden peixets, i es tan copiosa, que ella soles forma un 

riu, que precipitant-se per el barranc del seu nom mou dotze molins paperers, 

set fariners i tretze batans, fins que junt al pont de Benilloba entra en el riu 

d’Alcoi...” 

Aquest treball ha estat possible gràcies a tots els que, alguna vegada, han 

mostrat interès, s’han involucrat, m’han recolzat o m’han ajudat. 

A tota la gent nova que he conegut a un país que no era el meu. 

Als meus amics que, a kilòmetres de distància, continuaven sent amics. 

Als meus pares, qualsevol paraula és curta per descriure l’esforç que heu fet 

per mi 

A Meritxell, gràcies de tot cor, sense tu ni aquest treball ni moltes altres coses 

hagueren sigut possibles. Gràcies. 

 I per últim, sobre les arrels, “Assumiràs la veu d’un poble... i seràs, per a 

sempre, poble”. Al meu poble Alcoi. 

 

Francesc Segura Gonzàlez 
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1 Introduction 

Additive manufacturing is defined as a process where an object is created by 

the addition of material deposited in all surfaces of the sliced model [1]. 

Starting from a 3D CAD file, a direct connection to the machine is set and no 

need of production planning is request.  The enhance of new technologies has 

made, of AM, a process where the built part can be integrated in the final 

object, in this way, companies are using AM technologies to create not even a 

prototype but final products with complex geometry almost impossible to 

build with traditional manufacturing processes.  

Through all this document, the reader will have a first approach to the world 

of AM having a general scope of different technologies involved in the process. 

Will go deeper in techniques that relates material extrusion in order to set a 

base for the reader who will have all tools and knowledge needed to 

understand the problematic of clay extrusion in 3D printing. Moreover, a 

detailed design of the entire printer will be described by spotlight in the lacks 

of existing printers and proposing a real solution feasible even for users or 

companies. Thereupon, results will be shown proving the effectiveness by 

quantifying the strengths, and weakness, of the proposed design.  

The aim of the research is to understand the latest technology used in 

ceramics printers and analysing them to identify existing problems that will 

be used to define the framework where, by improving the already done 

designs, better solutions and results will be achieved. Also, the 

documentation of the thesis is a goal in itself because will help future works 

to understand what was done. 

This thesis will be set up in the ceramics world where few works have been 

done in the side of 3D printing, in this way breaking with existing designs 

and giving a real solution will be part of the creative process. And, of course, 

enabling users to print with a new, simplified and effective system with 

covering the lack of similar products will be the originality of the work. 

Finally, the document might interest to all students, technological institutes 

or companies that will have research on the topic or just wanted to use the 

technology developed to build up new products. Even more, as inspiration for 

researching in new extruding systems of delta robots that could involve, or 

not, 3D printing. Through all these reasons, it is hoped that will be useful in 

any aspect that involves technology, engineering or social progress in the 

developing of new products. 
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1.1 Additive manufacturing 

Product development is a creative process where new objects are released to 

the market with the goal of fulfilling the requirements and demands of 

customers and be able to create in return a sustainable economic activity [2]. 

In the process of developing and designing new concepts, one of the 

interlocking steps is the creation of physical models that are used to 

communicate a product idea, functional testing and to realize anticipate 

mistakes before  the final production ramp-up [3]. This step is defined many 

times as Rapid Prototyping (RP) and it aims to create a physical and tangible 

representation of the final product so, designers can have a first approach to 

the final solution. 

The term RP has been traditionally linked to technologies based on a layer-

by-layer manufacturing approach (i.e. 3D printing technologies). Today the 

term RP is not accurate enough to define the whole technological capabilities 

of this manufacturing method. To this end, according to Gibson [2],  

”Improvements in the quality of the output from these machines (i.e. 3D 

printers) have meant that there is a much closer link to the final product. Many 

parts are in fact now directly manufactured in these machines; so, it is not 

possible for us to label them as ‘prototypes’.”   

In other word, the technology today allows the fabrication of part of 

component that can be used in final applications. For this reason, and 

according to the Technical Cometee of ASTM [4] (ISO/ASTM 17296 standard) 

was decided to adopted a new term for RP: Additive Manufacturing, defined 

as: 

The “process of joining materials to make objects from three-dimensional (3D) 

model data, usually layer by layer, as opposed to subtractive manufacturing 

and formative manufacturing methodologies”. 

As it is said, the objects are done layer by layer (now the word ”Additive” 

makes the complete sense), which introduces the concept of 3D printing and 

deposition, or joining, of material in several layers to create an object. During 

the Additive Manufacturing (AM) process, the final model will have a 

definition according to the layer thickness so, the printed part is an 

approximation to the CAD data as shown in Figure 1.1: cad model and sliced 

model[5]. 
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Figure 1.1: cad model and sliced model[5] 

Differences in the layer thickness among several models will determine 

factors, such as mechanical properties, macro and micro geometrical features 

(e.g. surface quality, dimensional stability, etc.) as well as manufacturing 

time, post processing time, size of the machine or cost of the machine and 

process [2]. 

 

Figure 1.2: layer thickness comparison[6] 

On the whole, the 3D CAD data is used as a starting point (in the design 

process of the product development, but also for the printing) and is sent to 

AM as a seamless process without intermediate steps as it happens with 

traditional manufacturing methods [2]. In Computer Numerical Control 

(CNC) machining, a close planning is required to optimize times, materials 

and resources. Also in moulding technology is needed, at least, the design and 

previous manufacturing of moulds (which requires long planning times). 

Once the reader knows the evolution and the reasons of using the term AM, 

the general procedure will be explained. First of all, all the process will 

involve the birth of the product in the CAD design, until the creation of the 

physical model. 

Following [2], 8 different stages can be found from start to end in the use of 

AM techniques to build a part: 
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Figure 1.3: worklow of the printing process 

As the reader could imagine, a long list of different materials can be used to 

create the product and, even more, different techniques can be used according 

to the requirements needed. It is to say: quality, tolerances, size, mechanical 

properties, building time… That is why next step in this introduction is to 

identify the main techniques in AM so, non-familiar users in this topic has a 

better scope of the entire technology. 

Two different classifications of AM processes, following [7] as can be seen in 

Table 1.1: AM processes classification, adapted from [7]. 

Single step Multi-step 

Direct 

energy 

deposition 

Powder 

bed fusion 

Vat 

photopoly-

merization 

Material 

jetting 

Material 

extrusion 

Sheet 

lamination 

Binder 

jetting 

Table 1.1: AM processes classification, adapted from [7] 

The first classification proposed by ASTM is about the number of stages 

needed to get the basic geometry and mechanical properties. ”Single step” is 

referred to a process where both geometry and properties are reached 

simultaneously in one stage. ”Multi-step” is used when both properties cannot 

be reached at same time, it is when further processes are needed to cure, bind, 

melt... the basic geometry in order to achieve the mechanical properties 

required [1][7]. 

CAD 
STL Printer SW

Set-up printer Build up Remove supports

Post processing Application
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Second classification is not a general classification that uses the number of 

steps needed but a classification according to different technologies and 

materials involved in the creation of the object: 

1. Direct energy deposition: commonly used to repair or add material to 

an existing product, is a technique that uses a multi-axe nozzle that 

deposits material in a build platform while is melting by the use of an 

energy source (usually with a laser). 

2. Powder bed fusion: is a process where a laser fuses a powder layer in 

the build platform. Then, further layers are spread with the use of a 

roll. 

3. Vat photopolymerization: starting with a resin (usually liquid but 

powder can also be used), the material is placed in a cartridge where a 

UV light is used to cure and harden the resin where the light shines on 

it. 

4. Material jetting: thanks to a thermal or piezoelectric method, material 

is jetted into the build plate through a nozzle, where it solidifies. As it 

is a multi-step method, a harden step is required, even with UV light 

or by cooling. 

5. Material extrusion: with a constant speed and pressure applied to a 

material that goes through a heated nozzle (if the raw material is 

solid), layers can be done when moving horizontally the headprint. This 

process is the most important one for the thesis because is the one used 

for printing with clay. For this reason, next subchapter is fully 

dedicated to material extrusion so, the reader will have a completely 

vision of the process. 

6. Sheet lamination: starting with sheets as a raw material and, thanks 

to the use of a roll that places each sheet as a layer, with the use of a 

cuter or laser the final object can be shaped. 

7. Binder jetting: this method uses two materials, powder material and a 

binder. Layers of powder are placed in the build platform while a 

binder is applied where required. At the end, a cure postprocessing is 

required with the use of a glue. 

1.2 Material extrusion technologies 

In the context of this thesis the technology development will be limited to 

create a delta type 3D printing machine that is fall under the technological 

category of “material extrusion technologies”. The most common technique in 

extrusion technologies is Fused Deposition Modelling, a process where the 

feedstock material is a solid filament that is pushed through a hot nozzle until 
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a semi-solid state is reached and deposited in a build adhesion plate where 

all layers will be disposed.  

Thanks to a constant pressure in the feedstock material and a constant 

temperature in the nozzle, constant flow rates can be achieved. The 

importance of a constant flow rate is obvious: decouple controls of flowrate 

(with the use of the temperature) and motion of the headprint (Figure 1.4: 

FDM schematic). If the deposition of material is not constant, the speed of the 

print head must adapt to the flow rate in order to get same diameter of molten 

material at different parts of the object printed.  

 

Figure 1.4: FDM schematic 

According to [2], there are several keys to understand the whole process of 

FMD. Hereunder will be explained following the steps of the printing process: 

1. Material Loading: it means a preloading of the feedstock. Usually the 

bulk is supplied as a filament, powder or pellets so needs to be placed 

and fed. In this way, the aim of the nozzle is to melt the material so 

then is easier to extrude. But also, liquids or semi-solid materials 

could be used (as clay). Then no heated step might be needed because 

of its state nature. 

2. Melting and extrusion: by heating up the nozzle (other systems with 

external heating could also be found) up to a certain temperature (not 

necessarily the melting point of the material)1 and pushing it with the 

feed control, material melted will come out through the nozzle at a 

                                            

1 As an example, amorphous polymers have a transition temperature between solid-liquid 

called Glass Temperature. When this temperature is overtaken, the polymer starts to be in 

a “rubber” state that cannot be classified neither solid or liquid. 
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certain flowrate. The nozzle shape will determine the size and 

geometry of the extruded filament. In this way, bigger nozzle 

diameters will mean that the material will come out faster (then the 

motion controller will move the head faster) but the accuracy will be 

lower. 

3. Solidification: It is obvious that same size and shape as printed will be 

wanted but, factors as gravity, surface tension and shrinkage affects 

to the printed part and will modify the geometry. To avoid these 

problems, the best solution to adopt is controlling the chamber 

environment in order to get the entire object at same temperature for 

cooling down slowly all at once to control the solidification. 

4. Control of the position: as it was mentioned before, the problem with 

the speed control is the acceleration-deceleration when changing the 

direction or going from A to B. Due to the inertial system (print head 

has mass and dimensions), a variation in the direction (i.e. a 

composition of two directions) means a variation in speed which is 

translated into different wall thickness when extruding the material 

at a constant flowrate. The strategy to adopt for avoiding this issue is 

to move the pint head at low speeds so, the values or acceleration-

deceleration are small as possible and the wall thickness keeps 

constant in all the way. 

5. Bonding: when printing several layers, all of them must be joined 

together to build a solid. To get layers bonded is needed a residual heat 

energy when positioning the material in order to get melt or stuck two 

consecutive layers. 

6. Supports: depending in the complexity of the geometry some 

limitations in material extrusion systems, as the use of supports, need 

to be taken in count. The aim of the supports is to build an easy 

removal structure that is used to place the building material. The 

necessity comes from not being able to extrude material in the air and 

get fixed by its own weight (as explained in 6, a residual heat is needed 

for bonding several layers so early layers are not completely solid). 

In ceramics, FDM can be used but another common technique is the 

Robocasting (also called three-dimensional fibre deposition). The difference 

between FDC and Robocasting is the use of a hot nozzle, hence the state of 

material. As has been show, FDM begins with a solid feedstock material, 

Robocasting uses a semi-solid material that does not need to be heated for 

reaching this state of transition between solid and liquid, therefore no 

thermic contribution is needed. The working principle is both same but, in 

the case of Robocasting, just the feeding control is needed. 

Next step is to define the different typologies of 3D printers in material 

extrusion techniques. When discussing about typologies of 3D printers it is to 
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referee about how the nozzle, or base, is going to move when printing. It is to 

say which mechanism links the nozzle with the stepper motors.  

Following this definition and focusing just in the movement of the nozzle, two 

common solutions will be studied: cartesian or delta printers. Both systems 

dispose of three stepper motors as an input but, the main difference lies that 

not both typologies control one direction of movement with one motor: 

1. Cartesian printers dedicate each motor to each direction. That means 

that for drawing a straight-line parallel to an axe just one motor needs 

to be activated.  

 

Figure 1.5: cartesian printer [8] 

2. Delta printers dispose of three motors in which each movement per 

layer must be done by the use of those three. It means that always the 

three one is moving the sliders to compose the proper path of the 

nozzle. 

 

Figure 1.6: delta printer [8] 
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1.3 State of the arts of clay extrusion in delta robots 

1.3.1 Delta robots 

Delta robots are very attractive from the industrial point of view because its 

advantages in high stiffness, high accuracy and low moving inertia. However, 

the downside is that typically allows smaller workspace due to its complex 

kinematics [9]. In this way, understanding the dimensional effect in each part 

of the printer to the workspace is a key in the design of the printer. In this 

subchapter the goal is to go deeper in delta robots and clay extrusion systems 

and analyse fundamental parameters in the construction. 

Workspace or work envelope is the inscribed volume in the robot that can be 

reached with the tap of the nozzle. Thus, according to the application and 

what is desired to print, a combination of dimensional parameters for the 

different parts of the robot have to be chosen[9][10]. To determine the work 

envelope the following parameters have to be taken in to consideration [11]: 

1. Distance between sliders 

2. Height of sliders 

3. Horizontal offset of the carriage 

4. Horizontal offset of the effector 

5. Vertical distance of the effector 

6. Distance between arms 

7. Arm length 
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Figure 1.7: side view and top view scheme of a delta type 3D printer 

By setting all parameters, the blue working space in Figure 1.7: side view and 

top view scheme of a delta type 3D printer¡Error! No se encuentra el origen 

de la referencia. can be defined. Finding the optimal workspace is out of the 

goals of this document but further information for the reader can be found in 

[9][10][12]. What is suggested in the literature is to solve the inverse 

kinematic problem: from the work envelope to the dimensions of the printer. 

Further in the working principle, last thing to be taken in count for the design 

of the robot is the stability of the effector [13], defined as the opposition to 

tilting moments. Moments in the effector can cause imprecision in the 

printing through the bad levelling and calibration of the nozzle produced by 

the inertia, load on the nozzle and friction in articulations. Possible solutions 

to the problem are about improving the geometry by reducing the horizontal 

and vertical effector offset (Figure 1.7: side view and top view scheme of a delta 

type 3D printer).  

1.3.2 Clay extrusion 

Once the reader has an overview of a delta robot and know how paths are 

tracked by the nozzle, the clay extrusion as a process is going to be explained. 

First of all, is needed to define which parts are involved in the material 

extrusion 
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Figure 1.8: ceramic delta 3D printer [14] 

In Figure 1.8: ceramic delta 3D printer [14] can be distinguished up to four 

different parts from the entire printer: 

1. Pushing system 

2. Feeding system 

3. Slider frame 

4. Clay paste 

Now, all four elements will be described going deeper in all information 

needed to understand the whole process of extruding clay. 

1. Pushing system 

The goal of the pushing system is to store all material available to use and to 

provide that material to the feeder by moving or pushing it until the effector. 

All material is saved in a cylinder in which an end has a pipe connected to the 

feeder, and in the other side there is a plunger that pushes the material 

forward. No matters the mechanical way to transmit pressure to the piston 

but has to be strong enough to move the clay. 

According to the way of pushing, two different systems can be found following 

its working principle: 

1 

4 
2 

 

3 
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1. Air pressure: If it is disposed of an air pressure source, using a cylinder 

with sealed chambers and controlling the pressure inside, a force to 

the clay can be transmitted through a piston. 

 

Figure 1.9: air pressure as a pushing system [15] 

Using this system two issues could occur, first is needed a completely 

sealed piston in order not to introduce air bubbles in the mixture, 

otherwise the printed part will be damaged because of the no-

continuity of the clay paste. The other issue to take in count is that 

the pressure valve must have a very accurate control, as the reader 

should know if in a closed chamber its volume increases, pressure will 

fall. That means that while it is printing the amount of material will 

decrease, hence the resistance to shear stresses (that appears in the 

walls of the cylinder) will decrease and the rate of flow material will 

rise up because of the constant pressure. No need to say that if the 

rate of flow material changes, the wall thickness of the print will also 

change. 

2. Leadscrew: same solution can be reached with a pure mechanical 

system. By using a stepper motor, speed and position of the plunger 

are fully controlled by knowing the pitch of the leadscrew. This 

solution is easier to do because the problems set in the air pressure 

system don’t need to be considered in the leadscrew system: no 

infiltrations of air because the mechanism works at atmospheric 

pressure and no changes in the feed rate because of the accurate 

control of the stepper motor. Must me said that stepper motors are not 

characterized for its high torque, that is why a planetary gearbox 

reduction is necessary (in further chapters will be explained the 

calculation and selection of the motor). 
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Figure 1.10: leadscrew as a pushing system [16] 

2. Feeding system 

The mixture of the pushing system is pushed through a pipe till the feeding 

system connected to the effector. The purpose of the feeding system is to 

improve the precision and speed but also due to its high-pressure work will 

remove air bubbles reminding in the mixture if needed. 

 

Figure 1.11: WASP feeding system [17] 

The feeding system is composed, mainly, by three parts: 

1. Auger: spotted inside the black cylinder in Figure 1.11: WASP feeding 

system [17] is the essential part for moving forward the material. Must 

be resistant enough to abrasive materials because clay paste is a rough 

material that will work at high pressure. By changing among different 

augers, different speeds and precision can be reach. Users of ceramic 

3D printers have designed augers to print at home and get the one 

that fits them the most. 
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Figure 1.12: 3D printed augers for DIY [18] 

2. Nozzle: element through which the material will be deposited in the 

adhesion base plate. The design configurations are two: maximum 

pressure admitted and tip diameter. Since the pressure in the nozzle 

won’t be a problem in clay extrusion because are above the maximum 

pressure, we will focus in the tip diameter. 

 

Figure 1.13: different tip diameters in nozzles [19] 

Choosing a bigger or smaller diameter will lie in the application of the 

object: bigger diameters will mean bigger wall thickness, hence, less 

definition but faster prints. Also, the fact of having small diameters is 

translated into bigger shear stresses in the clay paste so, worst 

filament roundness but much more precision. 

As can be seen, selecting a nozzle is always about finding a 

compromise among several features in the print.   

3. Stepper motor: will transmit the motion, thanks to a coupler, to the 

auger. Since clay paste is a high viscous material, a reduction gearbox 

is almost a must. In order to have a magnitude of ordinary pressures 

in feeding systems, a commercial extruder can reach up to 40bar of 
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pressure in the screw. Finally, the fact of having two mechanisms that 

move the material, synchronize it is necessary otherwise no material 

could arrive to the feeder, or too many. This sync is done using the 

basic control of the 3D printers with colour mixer systems. 

3. Slider frame  

Once defined the mechanisms of the printer to move material, we will discuss 

about the general structure and how to place the nozzle in a known position 

inside the printing volume. 

The importance of choosing the dimensions of the slider lies in the printing 

volume so, according to the application and size of the objects desired, the 

dimensions of each part must me selected properly (1.3.1 Delta robots).  

 

Figure 1.14: slider [20] 

As shown in Figure 1.8: ceramic delta 3D printer [14], the main frame is 

composed by three sliders (Figure 1.14: slider [20]) that can move its carriage 

thanks to a stepper motor connected to one end. As has been said, each one of 

the sliders have its own motor that can move independently the carriage. 

That is how all positions are reached. 

4. Clay as extrusion material 

Clay is a rocky mix of natural materials consisting essentially in silicates of 

aluminium that, when wet, is converted into a viscous semi-solid paste easy 

to shape. There are lot of additives and different formulas to mix clay with 

different characteristic as shrinkage, plasticity, fracture toughness… 

The formula used in this thesis is composed by: 

1. China clay (50 %WT): as known as kaolin, is a composition of silica 

(SiO2) and Alumina (AlO6) linked though oxygen atoms.  
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2. Quartz FFQ (25 %WT): formed by SiO2, is the most abundant mineral 

at Earth. Adds hardness to the ceramic and also has valuable electronic 

properties. 

3. Feldspar FFF K7 (25 %WT): turns the mix into a low melting 

temperature mixture melting itself at early stages in order to bond all 

components together. 

4. Water (34-36 %WT)  

The formula shown is the base paste material, this mixture could be extruded 

but, more water will be added in order to make the paste more fluidify and 

less viscous. 
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2 Scope of the thesis 

In this chapter topics related to the actual market, descriptions of the actual 

situation of AM products and services and possible niches will be tackled in 

order to have a completely view of the business for, later, define the aims, 

goals and objectives of the thesis. This is to say what and why is going to be 

the contribution of the document to the existing world of AM. 

According to this, a first review is going to be done to define the framework of 

the industry to analyse its weakness by setting an inside area of work that 

will justify the reasons and needs of doing this document. Once the reader 

has a scope in the business field, the objectives of the thesis are described, 

which fulfil the requirements and demands of the market.  

2.1 Research gap 

The business of AM involves products that include: AM systems, system 

upgrades, materials and aftermarket products, called the primary AM 

market. But also, services are included: service providers, system 

manufactures, system maintenance, training, seminars, conferences, 

expositions, advertising, publications, contract research and consultancy [21].  

As a historical review taking in count all business involved in AM following 

the Wohlers Report [21] shows next evolution: 

 

Chart 1: historic of revenues in products and services 
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A noted trend starting in 2010 makes obvious the growth of the business in 

AM. If we focus even more in the unit sales (i.e. 3D printers), [21] shows up a 

similar trend to Chart 1: 

 

Chart 2: historic of revenues in industrial units 

At first sight to both charts the conclusion is notorious: there is a clear trend 

of the market in the increase of the AM industry. This constitutes a precedent 

and a reason for investing, research, develop and introduce new products to 

the market because of the huge demand by users. Analysing both curves is 

highlighted that it exists a tiny relationship between industrial units and 

products and services offered by companies. That is because the fact of selling 

a unit, links the buyer to a service that will need, like maintenance or 

training, again a reason to fulfil user demands in both units or products and 

services. These two key charts in the market research are used as a 

justification that companies use even services and products of industrial units 

related to AM. As seen above, in the trend of the market, more and more 

invest will be done because of utility for companies in AM. Latest research in 

new technology has developed high quality machines that make up for the 

requirements demanded, that means that completely personalized parts with 

complex geometries can be achieved when before was not possible with 

traditional manufacturing methods. This open the gates to almost an infinite 

possibilities or solutions for users, making profit from companies because its 

attractive side of freedom in their designs. 

At same time, if the world of ceramics is analysed and, following [22], The 

Freedonia Group estimated an increase of 5.1% to $13.6 billion in 2017 in the 

advanced ceramics market. New manufacturing processes will open new 

fields as medical (bio ceramics market will rise up in the following years [23]), 

transportation (AM in ceramics is a key in aerospace industry thanks to the 

versatility in the geometry while keeping material properties as the 
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maximum work temperature [23]), machinery or even art and design. 

Continue growing in markets as electrical or electronics thanks to new 

material properties for sensors and insulators. 

By joining together AM technologies with advanced ceramic products, we end 

up to a field that needs to be defined by its application. The following lines 

will introduce to the reader the actual situation by describing the products 

developed by companies, but also by users. 

Following the industrial path, and according to Wohlers Report [21] there are 

three companies that commercialize ceramics 3D printers dedicated to 

industrial application: 

1. ExOne: originally developed at MIT focus its process in binder jetting 

of materials as sand, ceramic class or metal. In their catalogue, just 

one type of ceramic is found: ceramic bead. Made for decoration and 

jewellery, thanks to the high definition of the binder jetting attractive 

parts can be printed. The printer has a cost of $1.8 million with all 

fixtures included. 

2.  Lithoz: the company spotted in Vienna patented a lithography-based 

ceramic process (LCM) with the use of a photopolymer mixed with 

ceramic.  As uses a VAT photopolymerization, its definition is very 

high (60 microns in x-y plane) in a working area of 115 x 64 x 150 mm. 

Although its fast print, a secondary process to remove the resin and 

get a fully dense ceramic part makes this printer slow in terms of 

production. The cost of the printer is 285000 €. 

3. Viridis3D: focusing its process in binder jetting of sand materials, has 

developed a new technology called Robot Additive Manufacturing 

(RAM) where a robot arm deposits binder in a powder bed where layers 

are built up. Can achieve a resolution up to 100 dpi in a working 

volume of 711 x 1270 x 508 mm. The cost of the printer is $259000. 

On the other side, two companies dedicated to hobby 3D printers based on 

material extrusion technology (accessible to users) where found: 

1. WASP: with seven delta 3D printers in their catalogue, all of them can 

be adapted, thanks to the LDM WASP Extruder, into a ceramic printer. 

The standard sold printer has a price of 2770 € and a working volume 

of ø200 x 400 mm, where will be needed to add the extruder (Figure 

2.1: LDM WASP Extruder [17]) for 650 €.  
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Figure 2.1: LDM WASP Extruder [17] 

2. 3D Potters: with five ceramic 3D printers (cartesian typology) in their 

catalogue, users can buy a printer starting from 4590 € up to 6000 €. 

The extruder developed by the company is composed just of a pushing 

system as defined in 1 Pushing system with no need of feeding system 

(2 Feeding system) thanks to its powerful stepper motor and the control 

of the feed rate extrusion. 

 

Figure 2.2: 3D Potter printer [24] 

Moreover, an online community of users interested in this technology has 

appeared: by sharing their knowledge and showing what have they done 

following the movement Do It Yourself (DIY). Among all information found, 

three people highlight from the rest: 

1. Tom Lauerman has developed a similar system as shown in 3D Potter 

but with the use of a feeding system. Online community has thanked 

his work because of the open source designs and effectiveness of the 

extruder. 
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Figure 2.3: Tom Lauerman’s printer [16] 

2. Olivier van Herpt a designer focused in arts has built a delta ceramic 

printer used for his exhibition products. An aluminium frame printer 

helped by a pushing system has made their designs go across all over 

the world. 

 

Figure 2.4: Olivier van Herpt’s printer [14] 

3. Jonathan Keep is one of the first pioneers in ceramic 3D printers DIY. 

Designed and built a printer sharing all detailed information about 

how to build the printer. As a difference among the other analysed 

prints, he designed the extruder to work with air pressure (see 1 

Pushing system). 

 

Figure 2.5: Jonathan Keep’s printer [25] 
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Regard all information shown, the first conclusion to end up is that exists a 

rise in the demand on both, 3D printers and advanced ceramics. These two 

needs constitute a niche to attack: the proposal is to design a 3D ceramic 

printer for large-scale products. The reason is obvious, industrial machines 

are not designed for normal users. Even more, the goal of those printers is not 

the large-scale product because of its high definition and small working area. 

On the other side of this printers, companies that dedicates printers for 

normal users sell few models of those ones and, for a high price. For this 

reason, users have developed their own machines, by designing and building 

it filling their needs. Finally, focusing on the applications of the large-scale 

ceramic printers, can be found a spotlight key point, most of them are used 

for arts: creating pieces of decoration made out of ceramics. 

2.2 Objectives of the thesis 

The present document has de aim of build and test a ceramic 3D printer. 

Though an analysis of the current market and industrial solutions for slurry 

based 3D printers, a re-design will be done in order to improve the quality 

and performance of the prints. Moreover, the assembly and test of the printer 

is needed in order to characterize the strength and weaknesses of the built 

prototype. In this way, collecting as much data as possible will be a goal in 

itself for a better knowledge of the working performance of the printer and 

future enhances on the printed parts. 

Regarding the design of the extruder and, as mentioned, a review and 

research of the market is a must while exploring DIY solutions shared in the 

net. This point is critical for the re-design of the actual mechanical 

components used in slurry-based material extruders where CAD/CAE tools 

will be used to improve the workflow, layout and virtual assembly of the 

machine. 

The re-design will be done according to the functional requirements 

described, focusing on the large-scale printers though the working envelope 

and, the printing speed through the build rate and extrusion speed. 

Accomplishing the functional requirements will also be a goal for testing the 

printer, while giving all functional requirements reached. To build this new 

design, a FDM 3D printer is used in order to have freedom in the design 

process of fully personalised mechanical components. Following this path 

and, once the assembly is done, a calibration and evaluation of the electronics 

involved is needed. By the use of the V-model in mechatronics projects 

accomplishing the entire fit of mechanical, electronics and IT systems is done 

by the application of an iterative process based on testing different features 

of the system. At this stage, the goal will be to do as many iterations in the 

cycle as possible in order to achieve the most mature prototype of the printer 

by quantifying it with KPI’s. 
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As a final goal, the discussion of the key performance indicators will be done 

from a critic point of view, where will be compared at different speeds, nozzle 

diameters and water content of the paste while giving examples of 3D printed 

samples as a show of the effectiveness of the machine.   
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3 Materials and methods 

3.1 Machine design methodology 

The system development life cycle is a planning process, design, 

implementation, verification and validation in product development. Several 

tools have been developed following this term, as the V-Model [26]. The V-

Model describes a steps-sequence for mechatronics systems which goal is to 

create a link among engineering domains. In mechatronics products, at least 

three engineering fields are involved: mechanical, electronics and information 

technology [27].  

 

Figure 3.1: V-Model [28] 

In the V-Model the three ones are developed simultaneously: they all have 

same relevance for the success of the product. Following [29] can be seen that 

exists two  different stages in the model [26]: 

1. System design, in Figure 3.1: V-Model [28] at left from top to bottom, 

its goal is to define problems and propose principle of solutions while 

decomposing the product into sub-components easily to understand 

and to analyse. And create a cross-domain among the three 

engineering fields involved 

2. System integration, in Figure 3.1: V-Model [28] at right from bottom to 

top, is the integration of the system and the product evaluation. Is 

important to highlight the mission of the verification/validation 

process during all integration, which will enable to quantify and 

qualify how requirements are being achieved. 
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Now that the reader has a slightly view of the methodology used in 

mechatronics product development, the V-Model will be applied to the 

concerning machine by defining each stage in the design process, as such the 

iterative process that refines and improves the product. 

3.1.1 Cycle I: system specification 

1. Functional requirements 

 Printer made for large scale dimensions: ø300 x 500 mm. 

 20 cm3 /min of build rate 

 300 mm/s as extrusion speed 

 Possible to adapt to other extrusion clay or slurry materials with 

different viscosities (at least, be able to extrude pastes of 2-3 Pa· s). 

 Open software and hardware platform for research activities 

 Easy to maintain and replace parts (e.g. refill material tank, change 

nozzle, spare parts, etc.). 

2. System design 

A decomposition of the entire system was done by separating all systems into 

the components shown in 1.3 State of the arts of clay extrusion in delta robots: 

pushing system, extruder, delta robot. Regarding to electronics control, was 

decided that an Arduino Mega, RAMPS 1.4 board and five drivers were 

needed. Moreover, for the transmission of movement, five steppers motors 

will also be needed.  

3. Domain-specific design 

A CAD model was done starting from the sub-components of pushing system 

and extruder. In relation to the printer and, by the use of a delta calculator 

[11], the dimensional design was done constraining all component sizes of the 

frame. Also, a calculation tool of the torque needed was developed in order to 

select the proper stepper motors with reduction gearbox for moving material. 

4. System integration 

In this first iteration development of the design concept was held, that is why 

no prototype was built and no verification/validation process was studied. 
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3.1.2 Cycle II: early prototype 

1. Performance requirements 

 Must use a mechanical pushing system. This is to say, no usage of air 

pressure in the system because of the reasons explained in 1 Pushing 

system. 

 Need a container or tank that will store at least 2,5 L of clay paste. 

 Should be able to print without using extruder, the pushing system has 

to be designed to push material up to the nozzle and extrude it 

properly. 

 Sealed system in terms of leak material when pushing.  

 Structure of the pushing system has to stand the pressure applied 

when is working. 

2. System design 

Going deeper to the first decomposition in sub-components, now the pushing 

system is separated in the most problematic parts: stepper motor, plunger 

design, valve adaptor and structural frame. 

3. Domain-specific design 

A better CAD assembly was done by improving features that at first sight 

weren’t taken in count. As an example, clamps were design to fix different 

parts to the frame as a placement of nut in the frame to transmit all pressure 

when pushing clay. 

4. System integration 

In relation to the delta frame, this was assembled checking that its 

performance was being done as it was designed. In the first tries, problems 

with soft sliding where fund but, after a better adjustment the frame was 

working as an isolated part of the product. Regarding the pushing system, all 

personalized parts were printed and verified its dimensions, most of them had 

problems in their sub-assemblies and some re-designs were needed to reach 

the quality required and, then, validated. Finally, a verification in the sealed 

plunger was done with a fail result: gaskets too stiff to adapt to the cylinder 

shape. 
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3.1.3 Cycle III: prototype 

1. Performance requirements 

 Plunger has to be able to push and come out of the cylinder: need to 

move in two directions 

 Join of valves has to stand the working pressure 

 Gaskets need to adapt itself to the cylinder making the system seal. 

2.  System design 

As a big problem appeared in the plunger, this was split up into five parts: 

body, cap, bearing, screw and gaskets. With this new disassembly, each 

component can be treated as a couple problem-solution.  

3. Domain-specific design 

To get over the requirements and solve the problems shown in the last cycle, 

all components of the plunger where analysed and modified to make them fit 

in the framework. Solutions as buying softer o-rings made of silicon (70A in 

the Shore hardness scale) or use epoxy glue to join valves were taken. Even 

more, a new interior design of the plunged had to be done, but also a closing 

system that make it easy to print and avoid geometrical differences respect 

to the CAD model. On the other side, a secondary structure was designed and 

assembled in order to stand the reactions of the pressure through the 

leadscrew nut. 

4. System integration 

The verification and validation was focused in extruding clay paste. This was 

able to be done successfully but, some issues for future iterations need to be 

taken in count. First, some parts need to be manufactured in metal because 

of high deformations affecting to the control of the extruded material. And, 

second, improvements in the drivers is fundamental in order to start testing 

the delta robot. 

3.2 Machine system diagram 

Now that the reader has an overview of the mechatronics product 

development model used and, how several iterations were done to gain 

maturity and solve problems that appear during design/integration phases, 

is time to describe, show and justify the design reached. The explanation will 

be done following other chapters where each part of the printer was 

presented, that is: from the particular to the general. In this way, each 
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component will be fully understood and, later, the entire working principle of 

the machine with its links between parts and systems will be done reaching 

a holistic view of the mechatronic product. 

3.2.1 Component description 

1. Pushing system 

Described in 1 Pushing system contains all parts needed for moving material 

from a tank through a pipe. The adaptation done, according to the 

performance requirements in Cycle III, is to avoid the use of the extruder. 

That is why the pipe connected to the valve will end in a nozzle. 

 

Figure 3.2: pushing system 

From left to right in ¡Error! No se encuentra el origen de la referencia., 

we found the stepper motor with a reduction gearbox connected to a screw 

through a coupler. The method for calculating the torque needed is described: 

by knowing the pressure needed for pushing material in an air pressure 

pushing system, when translating to a mechanic system the pressure at the 

end of the valve must be the same. Once is know the pressure required and 

knowing the characteristics of the screw (pitch), a direct equation relates the 

torque needed in the shaft to reach a certain force (note that force and 

pressure are directly related by the use of the area): 

𝑇 =
𝐹 · 𝑑𝑚
2

· (
𝑙 + 𝜋 · 𝜇 · 𝑑𝑚
𝜋 · 𝑑𝑚 − 𝜇 · 𝑙

) 

Equation 1: torque equation in leadscrews 
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Where dependences are: 

 T: torque reached 

 F: axial force applied though the screw 

 dm: mean diameter 

 µ: friction coefficient 

 l: lead, pitch in simple leadscrews 

In the following table, all calculation values can be found, starting with the 

air pressure system to the conversion into mechanical values: 

Table 3.1: torque calculator 

 
Value Units 

Air Pressure 8 bar 

Diameter cylinder 90 mm 

Force needed 5089.3801 N 

Mean diam. Screw 0.012 m 

friction coef. 0.2 - 

Lead 0.003 m 

Torque needed 8.6753 Nm 

Stepper angle motor 1.8 º/pulse 

Stepper angle screw 0.0233 º/pulse 

Pitch screw 0.003 m/rev 

Linear vel. screw 35.0649 mm/min 

Volumetric flow 3717.8913 mm3/s 

Angular velocity screw 11.6883 rev/min 

Angular velocity motor 900 rev/min 

PPS 3000 pulse/s 

Torque stepper motor 0.24 Nm 

Ratio g.b. reduction 36.15 - 

Ratio g.b. selected 77 - 
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Figure 3.3: torque-speed chart of a NEMA23 [30] 

With an input of pressure needed of 8 bars (according to the maximum 

working pressure of commercial extruders and, with all parameters of the 

lead screw and motor (Figure 3.3: torque-speed chart of a NEMA23 [30]), a 

torque needed of 8.67 Nm was calculated. For this value, and guessing a high 

torque from the motor of 0.24 Nm, a reduction ratio of 36.15:1 is needed. 

Thanks to all these values, the couple Nema23-77:1 gearbox was selected, in 

Figure 3.4: Nema23 with 77:1 gearbox reduction [31] can be seen the 

components. 

 

 

Figure 3.4: Nema23 with 77:1 gearbox reduction [31] 
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Next detailed part is the plunger, Figure 3.5: plunger design exploded shows 

how was designed and how was solved the requirement of moving in both 

directions. 

 

Figure 3.5: plunger design exploded 

As it was mentioned, the requirement related to both forward-backward 

movement is solved by the use of a bearing that keeps the plunger at same 

angular position respect to the cylinder, held by the body of the plunger and 

the closer cap (see Figure 3.5: plunger design exploded), transmitting the force 

to each one depending on the direction of movement. 

 

Figure 3.6: piston 

Last significant part of the pushing system is the valve spotted in the base of 

the tank. Following the performance requirement list made, it has to be seal 

to stand the pressure when the machine is printing. Moreover, the valve 

needs to be a standard part so a pipe can fit in there. The adaptor chosen was 

selected from SMC number KQ2H10-03NS [32]: 

 

Figure 3.7: KQ2H10-03NS fitting [33] 
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In order to join it to the cylinder end, after manufacturing a Rc3/8” thread, 

epoxy glue was used. Once analysed the problematic parts decomposed 

according to the V-Model presented, a general view of the extruder in the 

Cycle II is shown: 

 

Figure 3.8: pushing system assembled in Cycle II 

The pushing movement is achieved by rotating the leadscrew that follows the 

motor by being them connected through a coupler. The motor can slide freely 

thanks to the linear bearings spotted in the mounted parts. The pressure is 

transmitted directly to the clay paste and its reaction occurs in the leadscrew 

nut fixed to the frame, placed between the motor and the plunger. Moreover, 

in the Cycle III a secondary holding frame is assembled using M6 rods that 

link the leadscrew nut with the cylinder end by the use of acrylic 5mm laser 

cutted plates. As is shown in Figure 3.9: extruder detail at Cycle III, the 

difference of design respect to the Cycle II is clear to see, the red coloured 

parts are the secondary structural frame. 

 

Figure 3.9: extruder detail at Cycle III 
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2. Delta robot 

Focusing in the frame slider structure and the elements involved, all detailed 

parts will be described. The first part to discuss is the frame, composed by 

three sliders (linear positioner LR6 Z 45 [20]) linked with aluminium profiles 

making the structure stiff. In Figure 3.10: frame structure of de 3D printer a 

scheme can be seen with all discussed parts. 

 

Figure 3.10: frame structure of de 3D printer 

For the sliders, adaptors had to be designed in order to place the magnets 

that will hold the arms. The solution adopted was to laser cut an adaptor plate 

that will improve the travel length and also 3D print the mounting for 

magnets, next figure shows the design. 
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Figure 3.11: magnets mounts in the slider 

The magnets used in both mount and effector are magnetic ball joins (KD418 

[34]) that uses the arms for linking both parts. The arms are aluminium rods 

which has the balls bolted at the ends, the length, as explained in 1.3.1 Delta 

robots, is a critical design parameter for the working envelope. To find the 

proper solution according to the requirements of printing at least ø300 x 500 

mm was used [11], an Open Scad delta simulator where all parameters can 

be set in order to calculate the working environment. By the input of all 

geometrical parameters, the results obtained are: 

 Arm length: 568mm. 

 Working environment: ø374 x 543 mm. 

On the other side of the arms the effector is placed, it will contain six magnets 

(one for each arm), the valve adaptor for the pipe and the nozzle.  

 

Figure 3.12: carriage assembled 
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Figure 3.13: delta robot global view 

Regarding the nozzle, a fitting adaptor (TSD931-7 [35]), shown in Figure 3.14: 

TSD931-7 adaptor [35] needs to be placed in the carriage to exchange among 

different nozzle sizes (1.6mm, 1.2mm, 0.84mm and 0.41mm). 

 

Figure 3.14: TSD931-7 adaptor [35] 

Finally, the motion is transmitted to the sliders thanks to steppers motors 

placed at the very bottom of the structure. Since the weight that the motors 

have to move is difficult to calculate (inertia must be taken in count), the 

selection of the model was based in DIY designs: Nema23 was the chose. For 

adapting the motor to the frame, shafts with keys needed to be manufactured 

and a new design of the plate adaptor for bolting the motor to the structure. 

Following images shows the solutions adopted. 

 

Figure 3.15: shaft adaptor motor-frame 
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Figure 3.16: plate adaptor motor-frame 

3. Electronics 

Now that all mechanical systems have been described, is fundamental to 

describe and understand the performance of the controller, and how this link 

the parts described. First of all, the connection between the computer and the 

machine (delta robot and extruder) is done by the use of an Arduino helped 

with a RAMPS 1.4 board and its drivers (one for each motor). The reason is 

simple: open source code easy to understand and way spread on internet. 

Since is a universal programable electronic, finding manuals or information 

about how to set up the printer’s firmware is, relatively, easy. 

The wiring connections is shown below, has to be taken in count that the 

Arduino is the logic part, where the processor is spotted, the RAMPS 1.4 board 

is a device connected to the Arduino that just adapts the pins of Arduino to a 

better layout in order to plug straight the drivers, is just an adaptor for the 

Arduino-drivers. At the other side, the drivers, are in charge of feed the 

motors with the appropriate current and frequency (according to the PMW 

sent by Arduino). Following the explanation, the RAMPS wiring connection 

is:  

 

Figure 3.17: RAMPS schematic [36] 

It can be seen that has an input voltage of 12V, 4 motor connections and 3 

end stoppers. The X, Y, Z motors moves each of the sliders of the frame and, 
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the extruder motor moves the leadscrew connected to the plunger (see 3.2.1 

Component description). All slider motion is shortcutted by the use of three 

jumpers in each driver, which ends up in a microstepping of 1/32, according 

to the drivers selected (Pololu DRV8825), is important to note that this is not 

applied to the extruder motor because of its reduction gearbox of 1:77 (if a 

microstepping was applied for controlling the leadscrew, would be need 32 

times more steps to move the same distance). To calibrate the current output, 

in the X, Y, Z motors a 2A was set and, 2.2 A regarding the extruder (all these 

parameters can be found in their datasheet) which will need, at the most 2.8A. 

The final wiring connections can be seen below. 

 

Figure 3.18: Arduino, RAMPS 1.4 and drivers configuration 

Very close to the electronics is the firmware, which is the code stored in the 

processor with the goal of controlling and executing all actions that interact 

between software and hardware. The firmware uploaded in the Arduino is 

Marlin, a code that controls the motors, sensors, heaters… through the use of 

a secondary software which will create and transmit the g-code of the 

geometries. Marlin’s firmware contains all information regarding to 

dimensions of the printer, speed, acceleration, jerking and other parameters 

of the printer. 

3.2.2 Machine flow diagram 

The following subchapter has the aim of linking all different parts and 

components explained in 3.2.1 Component description by stablishing a 

connection of material, data signals and forces/energy among all of them. 

Must be said that the flow diagram presented contains the use of a feeding 

system as the one shown in 2 Feeding system, which is not included in the 

proposed design because of the requirement of being a machine as simple as 

possible. All parts will be explained in their context but the reader has to take 

in count that all connections to the feeding system can be suppressed as was 

done in the design.  
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Flow of forces/energy

Flow of material

Flow of signals/data

 

Figure 3.19: flow diagram
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Following Figure 3.19: flow diagram shows the main parts and their type of 

connection among other systems. Is need to be said that each part (box in the 

flow diagram) contain the elements or subcomponents that really take part 

in the connection. In this way, the reader not only will have a macro view of 

each part but also which component is fully involved in the process and their 

links. Now all parts are commented: 

 Logic board: contains the Arduino controller and the Motor drivers that 

provides enough power to control the stepper motors. Through a 

computer, the Arduino send a signal to the driver with all information 

that relates the position where to move the robot and the amount of 

material to extrude. The reason of having a motor driver is to convert 

Arduino’s data to the motor’s input, mainly, by amplifying signal to a 

voltage levels accepted by the motors. Logically this is a continuous 

process where instead of positions, paths are tracked to build up all 

layers. 

 Delta robot: as explained in 1.3.1 Delta robots and in 2 Delta robot is 

about a frame composed by sliders that can move thanks to the stepper 

motors connected in the bottom. These ones are controlled by the 

Arduino, as said, receiving information about the path to track.  

 Move material system: contains the motion components that pushes 

and extrudes the material, it is to say stepper motors. The motor will 

be connected directly to the Pushing system and, as said in 1.3.2 Clay 

extrusion and in 1 Pushing system the motor will dispose of a reduction 

gearbox because of the high torque needed for moving the paste. 

 Pushing system: shown in 1.3.2 Clay extrusion and in 1 Pushing system 

takes the motion from the Move material system which is applied to 

the plunger through a leadscrew. The speed of the leadscrew will 

determine the ratio of material deposited, and, by having all 

parameters that link the rotational movement with the volume 

displaced or material pushed, the Arduino controller can know the 

speed of the stepper motor in order to get, in the print, all settings 

introduced through the computer. The other important component in 

the pushing system is the cylinder, with both goals: contain the 

material and be part of the plunger where the material is extruded. 

Following Figure 3.19: flow diagram, the flow material goes from the 

tank to the extruder system by the use of the plunger, where a refine 

deposition is done. 

 Material placement: takes the material received from the Pushing 

system and deposits it in the base plate, at the nozzle diameter fitted 

by the user, where the print is built up.   
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4 Results and discussion 

Finally, and now that the reader has a complete overview of the mechatronic 

system (composition and working principle), different variables will be 

analysed and quantified. Following the V-model explained in 3.2 Machine 

system diagram and the last cycle iteration, was found that the delta robot 

was not performing properly because of the bad output of the current signals 

(specially at low speeds) to the stepper motor drivers. For this reason, was 

decided to move on with the extruder by testing it extruding paste. Through 

the input variables of content of water in the paste, nozzle diameter and motor 

speed, the flow rate though the nozzle was measured as a performance 

variable. 

In this chapter, all mentioned variables will be discussed by comparing them 

with the theoretical values. Moreover, the performance of the motor has been 

measured in order to know the power consuming, usage and loose at different 

stages of the system with the analysis of the torque applied by the motor. 

And, at the end, some issues that appeared when running the tests will be 

shown, which will be used to introduce the last chapter of the present 

document. 

4.1 Test of the clay extruder 

The following subchapter has the aim of show to the reader which input 

variables were analysed though a measured perform variable. As a result, 

extrusion speeds are shown in comparison to the theoretical ones. For a better 

overview in  Figure 4.1: flow of analysed variables is shown the relation 

between inputs-outputs and their connection though the extruder. 

 

Figure 4.1: flow of analysed variables 
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Is needed to be said that the extrusion flow rate is measured in mm/s, 

understood as a filament extrusion speed which will be affected by the motor 

speed (directly related to the build rate) and the nozzle diameter (will 

determine the thickness of the extruded filament). About the procedure, next 

figure shows the way how the extrusion flow rate was measured. 

 

Figure 4.2: procedure for measure flow rate 

One of the main issues when following the steps of the procedure was to get 

rid of air bubbles or chambers inside the cylinder, it really needs to take care 

of this issue by extruding enough material until the filament is pushed at 

constant speed and diameter. In the next pictures, a close definition of the 

problem can be seen. 

 

Figure 4.3: air chambers in the clay paste inside the cylinder 

Mix clay paste with %W of 
water

Deposite the clay in the 
extrusion cylinder and 

push it carefully to remove 
air bubbles

Extrude material at 3.2mm 
nozzle diameter untill the 

filament coming out is 
constant at speed and 

diameter

Set speed though the PMW 
pulse width

Place different nozzle tips 
and measure the amount of 

material extruded in a 
certain amount of time 

(g/min)
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As can be seen in Figure 4.2: procedure for measure flow rate the performance 

variable is measured in terms of g/min of material extruded, which is very 

related to the build rate. Actually, for a set speed the build rate will remain 

constant because the volume rate inside the cylinder is also constant. For this 

reason, no matter the nozzle diameter, for a certain speed the rate volume 

and the mass extruded will be constant. So, with the amount of material 

extruded, and by the use of the nozzle diameter and the density of the clay 

paste (which will be different for different contents of water, for this reason, 

the density of the compacted clay with no added water was measured, giving 

a value of 1684 kg/m3), the extrusion speed length can be calculated. 

According to the procedure presented, next table contains the values 

measured for different speeds and different diameters. 

Table 4.1: comparison between theoretical and experimental values at 173.61 rpm 

Nozzle 

diameter 

(mm) 

Mass flow at 

90.14 rpm 

(g/min) 

Extrusion 

length speed 

(mm/s) 

Theoretical 

extrusion speed 

(mm/s) 

Error 

(%) 

3.2 34.9 44.76 46.3 3.31 

1.6 33.3 170.85 185.2 7.74 

0.8 31.2 640.32 740.83 13.57 

Table 4.2: comparison between theoretical and experimental values at 90.14 rpm 

Nozzle 

diameter 

(mm) 

Mass flow at 

173.61 rpm 

(g/min) 

Extrusion 

length speed 

(mm/s) 

Theoretical 

extrusion speed 

(mm/s) 

Error 

(%) 

3.2 65.9 84.52 89.17 5.2 

1.6 62.9 322.72 356.69 9.52 

0.8 61.3 1258.07 1426.79 11.82 

Plotting all results shown above, a better overview and trend can be seen. 

First, we show the mass flow at two different speeds, where can be 

distinguished that at higher nozzle diameters, the amount of extruded 

material was bigger. Theoretically, those numbers should remain constant 

because of the reasons explained above. 
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Figure 4.4: mass flow vs nozzle diameter 

Converting all these measured parameters into both length extrusion speeds 

and comparing them with the theoretical values obtained by knowing the 

volume rate in the cylinder and the nozzle diameter, next plots are obtained. 

 

Figure 4.5: extrusion speed vs nozzle diameter at 90.14 rpm 
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Figure 4.6: extrusion speed vs nozzle diameter at 173.61 rpm 

As a discussion regarding the plots shown above, has to be said that the 

difference between theoretical and experimental trend lines is because of 

small leaks in the plunger, as a consequence, the material that is not pushed 

forward goes out at the back of the cylinder. Is clear to see this in Figure 4.4: 

mass flow vs nozzle diameter where the dotted line is the theoretical constant 

mass flow. Also, need to be said that at lower nozzle diameters the pressure 

needed for pushing material is higher (because of pressure loses in the tip of 

the nozzle) what makes easier to leak material, as seen in the plots. In the 

next figure leak material can be seen when extruding at 0.4mm of nozzle 

diameter, so he reader have a better approach to the issue. 

 

Figure 4.7: paste leak in the backside part of the plunger 
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4.2 About the motor power, torque and loses 

In this subchapter, the results regarding to the torque, current, power and 

loses of pressure will be discussed. Thanks to the power supply and 

connecting the different devices, the consumed power can be measured as 

show in next image. 

 

Figure 4.8: power supply measures 

 

Figure 4.9: power flow diagram at 90.14 rpm 

 

Figure 4.10: power flow diagram at 173.61 rpm 
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Following the figures above, can be seen a starting electrical power that, after 

taking out the Arduino + Ramps 1.4 and the fan it ends up in an electrical 

power that feeds the motor where some of it goes to loses like heat, friction, 

magnetic loses (Foucault currents) … And the rest of the power is fully used 

by the coils to move the leadscrew. Focusing on this last power, not all of it is 

used in pushing material, of course it appears pressure loses because of 

friction in the walls through all the cylinder-pipe but also a local pressure 

drop in the nozzle.  

Moreover, a torque predictor for the stepper motors, shown below, was used 

to simulate the torque and power able to get at both speeds presented (note 

that the torque calculated is referred before the reduction gearbox). Is 

important to know that both graphs describe the curves at free rotation, that 

is with no leadscrew attached and neither gearbox. For this reason, is also 

needed to say that the power consumption of the coils in both figures above 

are based in calculations as if all current flew though the coils (no current 

loses). Following the argument, the reader has to take in count that the 

power, and hence the current, at the coils at real performance and with 

mechanical systems attached will be less (the performance of the motor will 

never be 100%).  

 

Figure 4.11: predicted torque at 90.14 rpm [37] 
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Figure 4.12: predicted torque at 173.61 rpm [37] 

Thanks to both graphs at different speeds, can be used to calculate the torque 

given by the stepper motor to overcome the mechanical loses due to friction 

and also due to the paste friction when pushing the clay and also be able to 

extrude. The torque values after the gearbox are 14.02 Nm and 15.63 for low 

and high speed, which ends in a pressure applied of 15.18 bar and 16.95 bar, 

respectively.  

Finally, an interpretation of both predictions: at first sight could be though 

that when speed is increased the torque value should decrease. That is true 

but other variables as current needs to be analysed. When increasing the 

speed through the PMW band width (or the frequency of the output mean 

signal), the torque is decreased. But, by feeding with higher current the coils, 

will rise up the loosed torque due to the higher speed. 

4.3 Design defects and other issues in the extruder 

Through the usage of the extruder, several problems had to be faced. Mostly 

broken parts that, because of the material and thickness, where not strong 

enough to stand the high pressures discussed in the last subchapter. It has 

become an iteration process of extruding material and when any part got 

cracked, replace it by a thicker one. And so on. 

0

1

2

3

4

5

6

7

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

P
o
w

e
r 

w
a
tt

s

T
o
rq

u
e
 N

-m

RPM

Predicted Stepper Torque Curve at 173.61

Predicted

Torque (N-m)
Max Power (w)



56 

 

 

Figure 4.13: crack and leak of material in the cap of the cylinder 

In this first picture can be clearly see a crack all along the diameter caused 

by the huge pressure of the material at the inner part of the cap. Also, is very 

clear to see where the crack growth and was propagated: between 3D printed 

layers, debonding them. As a solution, the wall thickness (especially in the 

section) was increased, also rounded corners will help, and pouring epoxy on 

all the part will make it stiffer. As a design solution, a part from the thickness, 

the angle of the inner cone was increased so, the material can easily flow and 

doesn’t get stacked in the low-angle wall. In next image, the leak though the 

crack can be seen.  

 

Figure 4.14: leak of material though the cap cracked 

Also, the support part of the cylinder end was cracked. In the same way as 

previously, the wall thickness in the affected diameter was increased. 
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Figure 4.15: broken cylinder support 

Apart of broken parts, bending issues appeared in the holder system when 

transmitting force reactions to the leadscrew nut. Figure 4.16: bending in the 

leadscrew nut holding system shows what described. 

 

Figure 4.16: bending in the leadscrew nut holding system 

The main problem within this bended part is the stored energy when loaded, 

that is a releasing energy in terms of pressure to the plunger. Consequently, 

when the motor stops turning and no material is supposed to come out it does 

because of the spring effect on the plunger, ending with extruded material 

until the bended part recovers to the starting position. As the reader could 

imagine, this is a high priority problem to be solved because of being unable 

to stop the extruder and control it precisely. For this reason, the solution 

proposed will be to build all the holding system in one or two parts (to place 

the nut) which will be made out of metal, much stiffer than the ABS used. 

Finally, a part from the cracks appeared, issues with air bubbles, as presented 

in Figure 4.3: air chambers in the clay paste inside the cylinder where found. 

The fact of having air chambers inside the cylinder will make to need even 

more pressure to remove (since is a constant volume of air at atmospheric 



58 

 

pressure, this cannot be compressed). Which will affect in an increment of 

torque needed and defects in the continuously of the filament (speed and 

diameter), a closer image of the filament can be seen in Figure 4.17: air defects 

in the extruded filament. For these reasons, a first compaction of the paste is 

highly recommending and, also, extrude slowly to help to remove the possible 

air chambers inside the cylinder.   

 

Figure 4.17: air defects in the extruded filament 
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5 Conclusions 

Throughout all the present document a deep review of Material Extrusion 

Technologies has been disclosed, spotlighting the relevant topics involved in 

ceramic 3D printing. By a first show of the different techniques of material 

extrusion, a deeper approach was carried out within two different paths: delta 

robots and mechanical extruders. The first is about controlling and 

positioning the centre of the robot (nozzle) where is desired, being able to 

control variables such as speed, acceleration, and working environment. The 

reason of use of this typology of printer is because speed rates (higher than 

cartesian robots) and flexibility, in terms of modifying the working 

environment by changing the rod lengths and be able to reach points in a 

different slender envelope. On the other side, a review of different ceramic 

extruders was done, at first sight it seemed that most of them were focus in 

air pressure as a force source for moving the material, there is where the re-

design and improvements were done by changing the motion to a pure 

mechanical system, driven by a leadscrew.  

Taking a look to the objectives of the thesis, the main goal of it was to build 

and test a ceramic 3D printer, which was not possible to achieve due to issues 

related to the delta robot and its electronics. As the reader knows, DRV8825 

drivers were used to feed the motors with current but, when testing and 

calibrating them issues regarding to skipping steps where found: at some 

point the robot was not able to move upwards the sliders. After a deep 

research, information about these drivers was found explaining the problems 

at low speeds (hence, low currents), where around the 12% of the output 

signal was cut off due to the power supply voltage, PMW band width and 

blanking time of the driver chip [38]. For this reason, was decided to move on 

with the extruder and test it, leaving aside the robot waiting to get smoother 

drivers at low speeds. As a recommendation for future works with the delta 

robot, next ideas are claimed: 

• Use better drivers in terms of quality of signal and maximum output 

current. This one has to be, at least, the rated current of the motor, in 

order not to lose power (which, according to the motors used, will be 

2.8A). 

• Moderate the microstepping is a must because the higher divisions, the 

lower holding torque is achieved. As an example for the justification  of 

the argument and, following [39], when a 1/16 microstepping is set, just 

the 9.80% of the holding torque can be achieved. For this reason, this 

has to be set according to the torque requirements and smoothness in 

the movements. 

Further on, the objectives reached, and regarding to the extruder system 

discussed in 4 Results and discussion it can be said that was successfully 
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tested in terms of quantify the performance of the different KPI’s analysed. 

These were: build rate, extrusion speed, power consumption and torque 

applied. With the input variables of content of water in the paste, nozzle 

diameter and motor speed, the results concluded that there was a small error, 

respect to the theoretical values, with an inverse relationship with the nozzle 

size. For this reason, and following the results shown in 4.1 Test of the clay 

extruder, is recommended to use a middle size nozzle of 1.6 mm at 90.14 rpm. 

This couple of variables gave an error of 7.74% which, according to the 

application and requirements, will be enough or not. In addition to the 

extruding speed, since the amount material pushed is huge, the maximum 

speed is supposed to come from the delta robot which, according to the optimal 

speed for avoiding high acceleration and jerk movements (what will cause 

defects in the printed parts) will set the extrusion speed (remember that the 

90mm diameter of the cylinder make small advances in the plunger big 

volume rates).  

About the content of water in the mix, is needed to be said that 10% should 

be an upper limit for this mixture, but moreover, 5% or 0% in the addition of 

water will be grater since the green printed part will have better mechanical 

properties (less deformation while printing) and will have less shrinkage once 

the piece is fired. On the other side, the less content of water the higher 

viscosity of the paste, which will end up in higher torque needed for pushing 

the material and higher stresses appeared in the critical parts shown in 4.3 

4.3Design defects and other issues in the extruder. 

To conclude with the extruder, is important to know about the defects found 

that end up in cracks and broken parts, for this reason and, for future works 

on the machine, is highly recommended to avoid ABS 3D printed parts for the 

critical components. These ones should be built in metal in order to increase 

the stiffness, tensile strength and, of course, product life. 

In essence the present document, and the machine built, will set up a starting 

point for future research and works on it. As has been shown in 1.3  State of 

the arts of clay extrusion in delta robots few large-scale printers of slurry 

based materials are available in the market so, is used as a research gap to 

start with this prototype that will help, as a source or experience learned by 

doing, to new improvements on it. Even more, the borderlines are not set for 

ceramic materials or slurry based materials, whatever cold high viscous 

material could be extruded, what opens the door to new research in 3D 

printers using new materials (and not typically plastics). For this reason, the 

thesis in itself is the first step to future works in both, large scale prints with 

delta robots and, mechanical extruders for high viscous pastes, as a 

contribution to the world and community of Additive Manufacturing that, 

somehow will use it for future enhances. 
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