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Abstract 
 

This thesis has the aim of building a functional prototype of a feeding system for FDM machines. 

The idea behind this prototype is to take the advantages of Bowden extruder and Direct extruder 

systems to develop a new system that has the stepper motor on the outside but maintains the 

feeder on the printhead thus removing the need of the Bowden cable and also removing the 

weight of the stepper motor from the printhead. 

 

This thesis involves projecting the new system as well as physically assembling and testing it. 

With the assembly of this prototype it is wanted to achieve a faster and more efficient printing with 

equal or better quality as the systems already previously developed. Better understanding the 

existing models helped to develop this new concept that lacks the backup of scientific published 

work.  

 

Most parts were specifically designed for this prototype and more than half of these parts were 

3D printed at Lab2Prod, using the 3D printers available. Every decision made for this prototype 

is explained along with all the parts details. 

 

After assembling the prototype, it was possible to verify and validate the objectives proposed for 

this thesis as well as to take note of the issues encountered during this process. 
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Resumo 
 

Esta tese tem como foco a construção de um protótipo funcional de um sistema de alimentação 

de filamento para máquinas de Fused Deposition Modelling. O objectivo principal deste protótipo 

é usar as vantagens dos sistemas de extrusão com bowden e de extrusão directa para 

desenvolver um novo sistema que tem o motor de passo no exterior mas mantém a alimentação 

no cabeçote removendo assim a necessidade de usar o cabo bowden e removendo também o 

peso do motor do cabeçote. 

 

Esta tese envolve projectar o novo sistema tal como fazer a sua montagem física e testar. Com 

a montagem deste protótipo pretende-se alcançar uma impressão mais rápida e eficiente com 

igual ou melhor qualidade que os sistemas já previamente desenvolvidos. A melhor compreensão 

dos modelos existentes ajudou a desenvolver este novo conceito que tem pouco apoio de 

trabalhos científicos publicados.  

 

A maior parte das peças foram especificamente projectadas para este protótipo e mais de metade 

dessas partes foram impressas em 3D no Lab2Prod, usando as impressoras 3D disponíveis. 

Cada decisão feita para este protótipo é explicada juntamente com todos os detalhes das peças. 

 

Depois the montar o protótipo, foi possível verificar e validar os objectivos propostos para esta 

tese tal como tirar nota dos problemas encontrados durante este processo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras-chave: Deposição Modelar, Manufatura Aditiva, Protótipo, Bowden, Extrusão 

Directa. 
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Chapter 1 
 

1. Introduction 
 

Looking back at the early stages of 3D printing, this technology was a lot more primitive than what it has 

become today. The first additive manufacturing machines (AM) that came on to the market were for the 

purpose of rapid prototyping (RP), which is described as a process to quickly and easily create a design 

or system representation prior to its final release to the market or its commercialization [1]. Even though 

most of the RP processes that we use now-a-days had already been developed in the 90’s, they weren’t 

still out in the market as there was still a lot of testing to be done [2]. Quite astoundingly, these first 

machines were not very expensive. Even though it was a new and complex technology, it was aimed at 

early adopters and only produced in small quantities [1]. 

 

With the wide development of AM technologies, machines can now differ from roughly 150€, which you 

can easily have access to and have at home (desktop 3D printers – categorized as systems priced 

under 5000€), to quite a few hundred thousand euros machines which you would usually find in 

companies, for industrial use. This technology became so accessible to everyone thanks to open-source 

3D-Printing, which effectively lowered the costs of rapid prototyping [3]. 

 

Figure 1.1 shows the sales report evolution from 2001 vs 2016, as stated by Wohlers Report [4], [5]. 

 

 
Figure 1.1 - 2001 vs 2016 Sales Report. Source: [4], [5] 

 

According to the Wohlers report 2017, the 3D printing industry grew 17.4% in 2016 which is still an 

incredible number even though it decreased from 25.9% in the previous year. This decrease is explained 

by the declines by the two largest system manufacturers in the market (not specified in the article) which 
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represent 21.7% of the AM industry.  The report estimates that removing these 2 major companies from 

this study would have meant an increase of 24.9% in the industry in 2016 [6]. 

The number of manufactures has been significantly increasing every year, including big companies as 

well as new startups which are trying to get their share on the market with innovative ideas and products 

using this technology. Companies such as HP are investing more and more into AM technologies and 

coming up with systems that are putting a lot pressure on the already existing and established 

manufacturers of AM systems [7]. 

 

Also, in this report it is clear the advances on this technology as more and more service providers are 

now producing metal parts with the use of AM technology, as shown in Figure 1.2, something that was 

still fairly expensive and new and is now becoming trendier and most likely the next step to rush for in 

order to stay in the market. 

 

 
Figure 1.2 - Metal and polymer parts production. Source: [6] 

  
 

Despite all the inventions that have already been made so far, there’s always a few things that can be 

changed and improved. Among the commonly used 3D printers, we can find 2 different types of 

extruders: Direct extruder and Bowden extruder.  

 

As it is possible to see in Figure 1.3, there is a massive different between both system’s printhead. On 

the Bowden extrusion set, the printhead is lightweight and thin shafts with 6mm diameter are enough to 

support the printhead, allowing a much faster printing with incredibly high quality. On the other hand, 

the Direct extrusion system includes a lot of components in the printhead, including the stepper motor, 

which adds a lot of weight to it therefore resulting in much slower prints. It is also possible to note that 

this system requires 2 shafts of 12.5mm diameter to move the printhead along the X axis. The heavy 

weight on this carriage causes the hotend to be off balance thus resulting in misalignments. 
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(a) Lulzbot printer with Direct extrusion (b) Ultimaker 3 with Bowden extrusion 

 

Figure 1.3 - Difference between Direct extrusion and Bowden extrusion 

 

Each of these 2 have their advantages, which are explained further on this theseis, making both of these 

systems very appealing. Although, not everything is perfect and both extruders also have 

disadvantages. The focus behind this thesis is to develop a new feeding system for extrusion in Fused 

Deposition Modelling (FDM) equipment that can combine the best aspects of each system and create a 

working prototype that will be tested and therefore prove this new concept. 

 

This thesis has the following structure:  

 

 ● Chapter 1: Introduction, briefly explains the subject and the objectives of this thesis. 

 

● Chapter 2: Additive Manufacturing, which describes the basics behind this technology and its 

following developments, as well as the Fused Deposition Modelling subcategory that includes the 

difference between direct extruders and Bowden extruders with its corresponding advantages and 

disadvantages. 

 

● Chapter 3: Concept Development, where the idea behind this project itself is explained and 

all the steps from the initial idea to the final concept. 

 

● Chapter 4: Prototype, where the whole concept is translated into a real 3D model and 

explained in detail, as well as the functionality of each developed part and the choices made to achieve 

the final product. 

 

● Chapter 5: Results and Testing, covers all the tests that the prototype was submitted to in 

order to prove the concept and the results achieved. 
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● Chapter 6: Conclusion, which presents the critical analysis on the results previously achieved 

and the work to be done in future developments of this project. 
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Chapter 2 
 

2. Additive Manufacturing 
 

ASTM defines Additive Manufacturing (AM) as “a process of joining materials to make objects from 3D 

model data, usually layer upon layer”. The committee F42, which is behind this terminology, grouped 

AM technologies into seven categories, therefore making it easier for standards-development and 

educational purposes. These categories are [8]: 

 

- Binder Jetting, Directed Energy Deposition, Material Extrusion, Material Jetting, Power Bed 

Fusion, Sheet Lamination and Vat Photopolymerization. 

 

Material Extrusion, which is the category focused in this thesis, is an additive manufacturing process 

where the material is drawn through a nozzle, which is deposited onto the cross-sectional area and 

layers of this melted material are deposited on top of previous layers, fusing together as represented in 

Figure 2.1. 

 

 
Figure 2.1 Material extrusion schematic. Source: [9]  

 

Additive Manufacturing has had a great impact in the market and the industry, providing multiple 

advantages to manufacturers and common users [10]. This technology has had a massive impact on 
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the medical sector. Appliances such as prosthetics and implants have been on the edge of development 

throughout the years, providing help and health care to many users. The aerospace sector has had 

increasing investment, allowing it to grow and therefore providing companies with decreased production 

times while minimizing waste, allowing freedom in parts design and maintaining the performance. The 

automotive sector has also established itself as a major sector for this technology, providing car 

manufacturers the freedom of design with practically any materials and incredibly short lead times, 

surpassing the traditional methods [11]. 

 

Overall, this method, unlike conventional techniques, can provide the manufacturing of any geometry 

no matter how complex it may be, allowing its customization. There’s barely any waste as now a days 

most spare material can be recycled. This technology is accessible to most users as 3D Printing 

machines are becoming more affordable, which also means less emissions to the atmosphere as parts’ 

transportation isn’t required so frequently since parts can be sent digitally and be printed anywhere [12]. 

 

 

2.1 Fused Deposition Modelling (FDM) 
 

One of the most commonly used processes for AM is Fused Deposition Modelling (FDM), which was 

first introduced by Stratasys [13] and developed between 1988 and 1991 [14]. In 1992, Stratasys started 

commercializing their first 3D printer and launched their first patent [15]. Technology always takes its 

time to go from its initial development phase to its acceptance by the customers, just like any other 

product. This can be seen below in Figure 2.2. 

 

 

 
Figure 2.2 – “The scientific push and industrial pull in technological evolution”. Source [14] 
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As previously explained, the material which usually comes as a thin filament is directed from the spool 

into a chamber where it will then be melted by resistive heaters that keep the plastic at a temperature 

just above melting point so that it can easily be extruded through the nozzle. Once the plastic is extruded, 

it is deployed on top of the printing bed and immediately solidifies creating the layers that will be 

deposited on top of each other, later forming the desired part [16]. 

A representative scheme of the FDM process is shown below in Figure 2.3: 

 

 

 
Figure 2.3 - FDM Sketch. Adapted from: [17] 

 

 

2.1.1 Coordinate System  
 

There are mainly two types of coordinate systems used in FDM techniques, Polar and Cartesian [18]. 

Polar coordinate systems use a circular printing bed instead of square and the printing head moves up, 

down, left and right while the printing bed spins around, therefore avoiding forward and backward 

movement. 

On the other hand, Cartesian coordinate systems (x,y,z), which are adopted in this thesis, are shown in 

Figure 2.4 and described as following [19]: 

 

• The X axis stands for the axis perpendicular to the Z axis and also parallel to the machine front. 

 

• The Y axis features a 90⁰ angle along with the Z axis, as well as the X axis. 

 

• The Z axis is normal to the build platform, due to the layer by layer material deposition. 
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Figure 2.4 – Cartesian coordinate system. 

 

 

2.1.2 Machine Input 
 

AM technologies generally follow an eight step procedure in order to manufacture any part, since its 

initial conceptualization to its final form and application [18], [20]. 

 

• The first step starts with coming up with an idea of the product and translate it into a 3D Computer 

Aided Design (CAD) software.  

 

• Once the design is finished, it is required to convert the file into STL (term derived from 

Stereolithography). An STL file is relieved of any of the modeling steps and data from the CAD design 

and it approximates the surfaces of the final model with a series of triangular facets. [8] This file is used 

as a universal language, making it easy for the files to be used by all AM machines. 

 

• Using a Computer Aided Manufacturing (CAM) software, it is possible to preview the printing details 

and establish the machine setup. Different materials require different printing parameters as well as 

different machines will allow different features. Printing parameters such as build orientation, layer 

thickness, infill density, feed rate, among others, must be set in order to achieve the desired quality and 

performance of the printed parts [21], [22], [23], [24]. 

 

• After everything is set the STL file is saved as a G-Code, which is a numerical control programming 

language that contains all the information that the machine has to follow, such as tool path, how fast it 

has to move and when to move. Once the G-Code is generated, it can then be transferred into the AM 

machine so that the printing can initiate. 

 

• During the building phase everything is automated. Although, sometimes some of the parameters such 

as printing speed may be changed during such in order to achieve better quality or in order to avoid 

errors in case things don’t go as planned. 
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• Ideally, once the printing has ended the created part should be ready for use. Although, in most cases 

post processing is required. Either way, the part must be carefully detached from the printing bed and 

in most cases separated from the excess material surrounding its first layer, that is used to provide more 

stability throughout the printing process. 

 

• During the post processing, most parts will require polishing and, in some cases, parts may need 

application of coatings, all depending on its use. 

 

• Finally, once all these steps have been taken the part should be ready for its desired use. 

 

 

2.1.3 Material 

 
In this method, a wide range of materials can already be found although the most commonly used are 

the thermoplastic polymers [25]. These materials have been submitted to tests in order to figure out 

which materials are more suitable for 3D printing since some may present problems due to their low 

viscosity and surface tensions after the material is melted at the required temperature. [2] 

Some of the materials available and mostly used at the Laboratory of Product Development – Lab2Prod, 

at Instituto Superior Técnico are described below and all their properties can be found in an online 

database, MatWeb [26]. 

 

• Polylactic Acid (PLA) is a biodegradable and thermoplastic polymer, with a typical melting point 

between 170 – 180ºC. PLA is a low density material, making its fibers lighter in weight and its fiber 

properties show a low index of refraction and high resistance to ultraviolet light [27], [28]. 

 

• Acrylonitrile Butadiene Styrene (ABS) is a lightweight polymer, less brittle than PLA and since its 

amorphous there is no true melting point. Although, its standard moulding temperature for printing is in 

the range 200-250ºC[29]. When printing with ABS, it is recommended to have a ventilation system close 

to the printer in order to absorb the particle emissions caused by the heating of this material [30]. 

 

• Nylon is an extremely durable material and has a very low friction coefficient. When printed with high 

infill, it becomes thick and becomes very strong and resistant to shock and impact. When printed thinly, 

it becomes flexible. Its recommended printing temperature is around 240-260ºC.  Nylon is hygroscopic, 

therefore, it should be stored under special conditions and always be dried out before use [31], [32]. 
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2.1.4 Filament Extrusion 
 

Two types of extrusion can be found in the common desktop FDM printers, each with their sets of 

advantages and disadvantages. These systems are direct extrusion and Bowden extrusion [34]. 

. In order to successfully extrude in filament-based printers, it is necessary to deliver the filament from 

a cold end that pulls and feeds the thermoplastic from the spool to the hot end that melts the material, 

so that it can then be deposited on the build platform [33]. 

 

In the first method, the extruder is mounted on top of the hot end and the filament is inserted directly 

into it, as seen below in Figure 2.5. 

 

 
Figure 2.5 - Direct Extrusion Scheme. Source: [35] 

 

This system keeps the distance that the filament has to travel from the feeder to the hot end to a 

minimum, giving better responsiveness to the process of retraction, which is a simple mechanism that 

alleviates pressure from the filament at the melt zone, so that when it isn’t printing (for example, when 

printing more than one part at the same time and there is distance between them) the material isn’t 

being forced through the nozzle [36]. This will create better responsiveness and avoid certain errors 

during the printing. 

Having the stepper motor attached to the print head, will cause more weight and therefore require less 

torque to extrude the filament through the hot end. However, having more mass may cause anomalies 

like backlash [37], where the print head sometimes fails to cover the exact same trail as before when 

going back and forth. The heavier weight also means that the print head can’t move as fast and 

consequently it will print slower. 

 

Alternatively, the Bowden extruder system can solve some of these problems, even though it also has 

some drawbacks. A representative diagram of this system can be seen in Figure 2.6. 
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Figure 2.6 - Bowden extrusion diagram. Adapted from: [38] 

 

While the direct extruder has the stepper motor attached to the print head, on the Bowden extruder 

system the motor is mounted away from the hot end along with the feeding system, either on the outside 

or on the interior of the 3D printer. This means that there will be significantly less weight in the moving 

carriage, allowing faster prints and, in theory, more accurate and precise prints as there is less 

momentum to overcome when changing directions.  

On the other hand, this system also has its own set of disadvantages. Having the motor and the feeding 

system away from hot end, which increases the hysteresis of the system, will require a guiding system 

for the filament so that it doesn’t spill out. This guiding system is called Bowden, which is usually a 

Teflon tube that serves as housing for the filament. It is extremely important that the diameter of this 

tube should be as close as possible to the diameter of the filament, so that it doesn’t clog up during 

retraction. Although, the filament diameter should never be larger than the tube’s diameter, even though 

it may seem to fit, because it will introduce additional friction in the tube and result in poor extrusion. 

Another disadvantage to this approach comes with flexible filaments [39]. This type of filament is 

extremely challenging to print using a Bowden system due to its long distance from the feeder to the hot 

end. Having to push a flexible filament with enough pressure to enter the hot end may cause the filament 

to flex inside the tube instead of being pushed forward, clogging up the machine. 
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2.1.5 Build Platform  
 

According to the Standard Terminology for Additive Manufacturing defined by ASTM, the build platform 

is “any base which provides a surface upon which the build is started and supported throughout the 

build process” [19]. This platform can either be fixed or movable, depending on the machine type. The 

success of a great print is not only dependent of its printing parameters but also of its printing bed or 

build platform and adhesion is the key factor to this. Inappropriate adhesion results in poor-quality 

printed parts so the adhesion between the extruded material and the build platform should be high 

enough so that part is kept steady and in place during printing. At the same time, a low adhesion is 

required after the part is fully printed in order to remove it from the build platform without damaging either 

the part or the platform surface [40]. This adhesion can be achieved by using a special tape or spray on 

top of the printing bed, adding a glass print bed on top of the platform that can be heated to the required 

temperatures, or simply using the normal heated build platform. 

 

 

2.1.6 Support Structures  
 

Some designs have overhangs or unsupported areas, which means that the part would float mid-air 

when being printed. Therefore, it is required to use support material in these cases [41]. 

 

 
Figure 2.7 - Overhanging features. Source: [42] 

 

Generally, extrusion-based printers can withstand angles of less than 45 degrees. Any overhanging 

angle above 45º will require addition of support structures [43], as shown above in Figure 2.7. 
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The downside of this feature is that there will be waste material and also more printing time will be 

needed in order to have the support structures in place. Some particular techniques other than the 

manufacturer-provided supports have been developed in order to fix some of the problems related to 

support structures while maintaining the surface quality of the printed part and also the stability of the 

process, such as branching the support structures which can reduce the waste up to 75% [44] and also 

printing bridges across gaps [45], as seen below in Figure 2.8. 

 

 

 

 

 

Part orientation is one of the key factors in order to avoid or minimize the requirements of support 

structures [46] and it can be set in the CAM software. 

 

 

2.1.7 Common Errors and Problems with 3D Printed Parts 
 

Just like in any other manufacturing process, errors may occur especially in desktop printers that are 

not as reliable due to the lack of quality control mechanisms in the software itself [47], meaning that 

there’s no way of telling that an error has occurred [46]. The list of problems associated with 3D printing 

can be quite vast. Some of these are more frequent than others but most importantly, all should have a 

fix so that the part can achieve the best quality possible and desired. It is not always easy to figure out 

the source of the problem, especially to more unexperienced users, but there is a lot of online information 

for users to benefit of and better understand what is happening with their printers and printed parts [48]. 

 

Common errors such as stringing, layer shifting, warping or even weak infill (examples in Figure 2.9) 

may happen if all settings are not properly calibrated. Acceleration and deceleration stages may cause 

variations on the height of deposited material and should be minimized, by avoiding sharp corners and 

replacing them with curves [49].  

 

Figure 2.8 - Support Structures Optimizations. Branching (left side) and Bridging (middle and right side) 
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Figure 2.9 - Stringing (left side) [48], Gaps Between Infill and Outer Wall (right side) [50] 

 

 

As previously explained, in this manufacturing technology parts are fabricated layer by layer. When the 

marks of these layers become noticeable in the printed part, it gives the perception of a staircase. Layer 

thickness is one of the parameters that most directly affects the staircase effect. Very thin layers will 

reduce the staircase effect [51], resulting in a smooth and continuous surface, whereas thicker layers 

will show a greater evidence of this effect, resulting in a rougher surface. Figure 2.10 shows the layer 

slicing of a CAD model where the staircase effect is visible [52]. 

 

 

 
Figure 2.10 - Staircase effect 

 

Another important factor responsible for staircase effect is part geometry and orientation. Layer marks 

are more frequent on angled and curved surfaces. This can be determined by two types of angles: 

azimuth angle 𝛽𝛽, which is a rotation angle of the model relative to the z-axis, and angle of inclination 𝛼𝛼 

where both vary between 0 and 90 degrees in the machine space. 𝛼𝛼 = 0 is considered that the test part 

is perpendicular the printing direction and 𝛼𝛼 = 90  that it is parallel to the printing direction. Consequently, 

it is considered that the optimal printing direction, where no staircase effect is verified, is achieved when 

𝛼𝛼 = 0 𝑜𝑜𝑜𝑜 90 and 𝛽𝛽 = 0 𝑜𝑜𝑜𝑜 90 [53]. 

 

Aside from the problems previously mentioned, 3D-printed parts usually have two types of accuracy 

errors: variation in linear dimension and variation in hole diameter [54]. It has been observed that all the 

dimensions in the (X-Y), such as external and internal length and width, are undersized, which may be 
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caused due to the nozzle diameter and shrinkage of the cooling plastic. Whereas on the Z direction, it 

has been observed that height was oversized, which may be explained by the incremental layer building 

machine parameters.  

 

With a view to avoid these dimensional errors, considerations must be taken into account when 

designing the part in the CAD software. For example, when using a 0.4mm diameter nozzle, the inner 

hole diameter should be increased by 0.4mm, while the external hole diameter should be reduced by 

0.4mm in order to compensate. 

 

 

2.2 FDM Machines 
 

The market can offer a wide variety of FDM printers to fit every user’s requirements and needs and to 

also make it available for nearly anyone. This section covers some of the FDM machines available at 

Lab2Prod laboratory with special focus on the ones that aided on the assembly of this prototype and its 

parts. 

 

2.2.1 Tevo Tarantula  
 

Tevo Tarantula is a low budget do-it-yourself desktop printer kit that can be purchased for less than 

200€. This printer is highly moddable an combining this with its low price, makes this printer the chosen 

model to use as a base for the developed prototype.  

 

Its model is based on the classic reprap Prusa I3 concept and its design is simple and robust, with a full 

metal frame and an aluminium heated bed, as shown in Figure 2.11. 

 

Looking at the machine design, both X and Y axis are placed on rail-mounted pulleys, where the X-axis 

moves the printer head back and forth whereas the Y-axis moves the heated print bed. These carriages 

are fitted with eccentric nuts, which makes it easy to tighten them up in case they loosen up with time 

due to printing efforts. It also makes it easier to remove these components in case maintenance is 

needed or any part needs to be replaced. 

 

On the other hand, this printer also has quite a few disadvantages. The instructions that come with the 

printer are barely helpful for the assembly and, most importantly, printer calibration has proven to be 

difficult, especially bed leveling. 
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(a) Tevo Tarantula assembled printer    (b) Tevo Tarantula assembly parts 

 

Figure 2.11 - Tevo Tarantula 3D printer kit. Source: [55] 

              

This printer comes with a 0.4mm nozzle, which allows layer heights between 0.1 and 0.3mm, providing 

a decent resolution and it supports 1.75mm filament making it most suitable for ABS and PLA, even 

though it can also print with Polyvinyl Alcohol (PVA), flexible filaments and wood. With a build size of 

200 x 200 x 200 mm, it can achieve a maximum printing speed of 150 mm/s and a positional accuracy 

of 0.04mm in the Z axis and 0.012 in the X and axis, its plate can be heated up to 120ºC and the extruder 

can reach 260ºC which makes it easier to print with ABS, especially if the filament is of lower quality. 

ABS is generally harder to print without a closed casing and being able to increase the temperature on 

the extruder can help compensate for this factor. 

 

 

2.2.2 Ultimaker 3 
 

One of the printers that currently gets the most use at the Lab2Prod laboratory is the Ultimaker 3, which 

replaced the previous model, Ultimaker 2. This model offers more flexibility and a dual extruder support 

when compared with the previous one. The price of roughly 3000€ for the standard model is the major 

drawback. This printer can provide a use of a wide range of materials, including not only the usual 

polymers like PLA and ABS, but also Nylon [32], PVA [56] and Copolyester (CPE) [57] that require high 

temperatures, among others. Even though it doesn’t support flexible materials, Ultimaker offers an 

alternative called TPU 95A which is as flexible as rubber [58]. 

 

When evaluating the characteristics of Ultimaker 3 there’s also a few disadvantages. It has an open 

front and when using materials such as PVA it can spit while being extruded. Additionally, the spool 

holder with NFC scanner that allows to detect and identify the material being used is located at the back 

as seen in Figure 2.12, which makes it hard to access.  

 



17 
 

 
Figure 2.12 - Ultimaker 3 Hardware components, Source: [59] 

 

As for the specifications, this machine features and automatic bed leveling and it can use different nozzle 

diameters from 0.25 to 0.8 mm and it can achieve a build speed of 24 mm3/s with a printing accuracy of 

12.5 micron in the X and Y planes and 2.5 micron in the Z direction. The filament used by Ultimaker has 

2.85 mm diameter and the nozzle can be heated up to 280ºC. The heated glass build plate, with a build 

volume of 215 x 215 x 200 mm, can reach a temperature of 100ºC [59]. 
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Chapter 3 
 

 

3. Concept Development 
 

Coming up with new ideas and new concepts is by far a great deal, especially in an era of rapid 

technology development where companies are always competing against each other to stay in the front 

line of the market. Concept development usually comes in result of a need. This need could be a new 

product, a new idea or even just a simple optimization on an already existing concept. 

 

As previously mentioned in section 2.1.4, the two existing systems used to extrude the filament in FDM 

machines have their own pros and cons. This means that, theoretically, removing the bad aspects of 

each system and combining their favorable points would result in an optimized and better concept.  

 

This ideal system would be one which could keep the distance that the filament has to travel from the 

feeder to the hot end to a minimum, resulting in the placement of the feeder next to the printhead just 

like in the direct extruder system, although, the stepper motor would be kept separate from it and placed 

on the outside, away from the hot end which is what happens with the Bowden extruder. Combining 

these systems would remove the need of a Bowden cable. The biggest challenge behind this idea is to 

figure out a way to transmit the motion from the stepper motor to the feeder. 

 

 

3.1 Market Research 
 

Before the initial design development, a research was made in order to find out the existing products 

already on the market, that somewhat follow the aim of this project. 

 

A system that could be used as a solution for this problem follows the same principle as a speedometer. 

Speedometers use a flexible cable to transmit rotary motion from the gear box to a magnet. The faster 

the vehicle goes, the more the magnet will rotate. The magnet will then cause a metallic disc to rotate 

and activate the speed indicator. A spring is used to control the feed of the metallic disc. The disc and 

spring’s movement will be proportional to the induced current, which will in turn be proportional to the 

magnet’s rotation speed. 

 

This mechanism is shown below in Figure 3.1. 
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Figure 3.1 - Speedometer mechanism 

 

 

One of the companies that develops products for 3D Printers and used the principle of the speedometer 

is Flex3Drive [60]. They developed a system that uses a flexible drive shaft and its name follows the 

company’s own name, Flex3Drive [61]. 

A flexible drive shaft transmits rotary motion and, unlike solid shafts, it can work around obstacles 

making it an extremely advantageous system [62]. This allows to relocate the extruder motors, reducing 

the mass on the X carriage as well as the stress on other components, it increases the print quality and 

it reduces stringing on printed items. 

 

 

3.2 Initial Sketch 
 

Taking all the needs and drawbacks as well as the existing systems into consideration, an initial sketch 

was drawn as a proposed solution for this project. 
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Figure 3.2 - Initial sketch 

 

This initial sketch, as represented in Figure 3.2, consists of a stepper motor located on the top frame, 

on the opposite side of the stepper motor that controls de Z axis, that would activate the rotation on the 

first shaft. The bevel gears mounted on the two shafts are 90 degrees apart and would be used to 

provide the rotation from the first shaft to the second shaft which would have a worm gear that would 

consequently feed the filament into the hot end. Pillow blocks would be used at the ends of both shafts 

in order to support them and allow the rotary motion. 

 

At first glance, this seemed like the ideal system to provide the movement from the stepper motor to the 

extruder, having them separated from each other. Although, this system has a few drawbacks on its 

concept. 

 

Worm gears have high power losses and very low efficiency (50%-90%) [63] when compared with other 

types of gears (in almost all cases its over 90%). These gears are fairly expensive to manufacture due 

to the materials used, but since these parts can also be 3d printed, in this situation the manufacturing 

cost wouldn’t be a problem. 

Worm gears are mainly used as speed reducers, which in cases where this ratio is large, the worm teeth 

sliding action will generate a lot of heat. Since the speed required for the extruder to feed the filament is 

relatively low, the use of this type of gear would be an overkill. 

 

As for bevel gears, in this situation they would be most useful considering that it allows to change the 

operating angle but they require a high level of precision and the bearings supporting the shafts will be 

exposed to significant forces. Considering that the second shaft will have to move up and down during 

printing, these gears would have to move alongside the shaft’s movement, meaning that the system will 

become extremely complex and potentially cause problems in the gears’ functionality, such as 

misalignment.  
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3.3 Final Sketch 
 

Taking all the aspects from the Error! Reference source not found. into consideration a second and 

final sketch, that would remove the previous problems and simplify the design, was assembled and is 

represented in Figure 3.3. 

 

 
Figure 3.3 - Final Sketch* 

 

First of all, the extruder’s stepper motor that was previously located on the top frame will now be placed 

parallel to the X axis carriage, which means there will be no need for the extra vertical shaft as well as 

the bevel gears, therefore significantly simplifying the design. 

Other than that, instead of using a worm gear to transmit the movement to the feeder gear, the system 

will now have two gears (represented in green in Figure 3.3), one on the added main shaft, which will 

be the drive gear, and the other one on the print head, which will be the driven gear. The drive gear will 

then transmit its rotary motion to a 5 mm diameter shaft (represented in light blue in Figure 3.3) that will 

consequently make the feeder gear rotate and feed the filament. 

 

Looking at how this system will operate, the stepper motor and its opposing pillow block will be fixed on 

the Z axis carriage, therefore allowing its shaft’s movement up and down along with the X axis carriage. 

As well as having to follow the X carriage up and down, the gear mounted on the shaft will also have to 

slide along the shaft so that it can accompany the print head’s movement along the X axis. This means 

that the system will have to be precise when it comes to pitch diameters and the gear’s center to center 

distance as to avoid misalignment problems. 

 

*Note: This is a simplified sketch which does not have every mechanism and part represented on it.  
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Chapter 4 
 

4. Prototype 
 

Even though the idea behind the final sketch remained unchanged, when it came to building the 3D 

model some of its features had to be thought through in order to make it viable. As expected, there were 

multiple options to some of its features and only one could be selected.  

Most of the parts used for this prototype were printed in PLA, at the Lab2Prod laboratory using the 

Ultimaker 3, while a few others made of specific materials had to be ordered so that these parts could 

meet the required specifications and fulfill its purpose. 

 

This section covers all the decision making behind each feature of this project and it explains in detail 

the functionality of each part that has been added to the original setup of the Tevo Tarantula 3D printer 

which led to the new functional prototype, represented in Figure 4.1. 

 

  
(a) CAD assembly of the developed extrusion 

system 

(b) Physical prototype 

 
Figure 4.1 - Prototype model 

All the parts designed in Solidworks have their dimensions and details provided in the Appendix A – 

Drawings. 
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4.1 Frame  
 

The frame used in this prototype sticks to the base frame provided by Tevo in the Tarantula model. This 

frame uses aluminium strut profiles, commercialized by Bosch Rexroth, which can be divided into 

different categories but only two of these types are used for this frame – 20x20 and 20x40 strut profiles 

with 6 mm groove, as shown in Figure 4.2. 

 

 
 

Figure 4.2 - 20x20 and 20x40 strut profiles. Source: [64] 

 

All the product specifications are provided by the manufacturer and shown in Table 1, as well as the 

length of each of the parts used for this prototype. 

 

 
Table 1 - Aluminium strut profiles specifications [64] 

 Length [mm] Quantity 𝑰𝑰𝒙𝒙 [cm4] 𝑰𝑰𝒚𝒚 [cm4] 𝑾𝑾𝒙𝒙 [cm3] 𝑾𝑾𝒚𝒚 [cm3] 𝑨𝑨 [cm2] 𝒎𝒎 [kg/m] 

20x20   0.7 0.7 0.7 0.7 1.6 0.4 

 400 1       

 380 1       

20x40   4.6 1.2 2.5 1.4 2.9 0.8 

 150 2       

 400 1       

 420 2       

 

 

4.2 Modular X Carriage 
 

As previously mentioned in section 2.2.1, Tevo Tarantula is an extremely moddable printer which makes 

it easy for it to be adapted to each user’s needs. One of the main features that needed to be changed 

in order for this system to work was the X axis carriage. The original system developed by Tevo comes 

with a horizontal X carriage and in order for the newly designed system to work it would have to swapped 

into a vertical carriage.  
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Since the beginning of the RepRap project (Replicating Rapid Prototyper), all the custom designs 

produced by this project are open source and can be downloaded and used by anyone, making it easier 

and cheaper for any user to build his own 3d printer. Therefore, it was decided to use one of the models 

found on the internet, developed by the user “Elzariant Lezariant”, which modded the Tevo Tarantula 

and changed the horizontal X carriage to a vertical X carriage, as required by this project [65]. 

 

The physical representation of the X carriage system is shown below in Figure 4.3. 

 

   
(a) X carriage part 1 (b) X carriage part 2 (c) X carriage physical assembly 

 

Figure 4.3 - X carriage physical representation 

 

This system uses only 3 v-slot wheels rather than the original 4 and the part where the printhead is 

mounted is divided in 2 pieces that fit together. One of the pieces is fixed, along with the wheels, on the 

X axis frame and the second piece is mounted on the first one. Despite of slightly causing friction due 

to the contact between these two, it allows the second piece that holds the printhead to be disassembled 

in case of any malfunction or any repairs/maintenance need to be made, without having to disassemble 

the entire X carriage. 

 

A list of the components required to assemble this system is shown below in Table 2. 

 
Table 2 - Modular X Carriage components 

Designation Quantity 

M5, 35mm Bolt + M5 Nut 3 

M4, 35mm Bolt 7 

M4, 16mm Bolt 1 

M4 Nuts 8 

M3, 10mm Bolt + M3 Nut 3 

M2, 16mm Bolt + M2 Nut 2 

8x5x6mm brass spacer 6 

V-slot wheels 3 

Locking ring 1 
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4.2.1 Hotend 
 

The hotend used in this prototype is the same that is used in the original model and provided by Tevo 

Tarantula. This extrusion head’s model is a clone of E3D v6 and it is equipped with a single extruder 

and a 0.4mm nozzle, being able to print with 1.75mm filament. 

 

Figure 4.4 shows the extrusion head used and applied in the physical prototype. It is also notable that 

the addition of 2 acrylic spacers between the hotend and the carriage part was required so that the 

hotend isn’t directly in contact with the PLA part, otherwise it would melt when submitted to about 200ºC 

temperatures. 

 

 
Figure 4.4 - Tevo Tarantula extrusion head in physical prototype 

 

 

4.2.2 Feeder System 
 

Even though this vertical carriage fits the needs for the system, a few changes still had to be carried out 

on the piece that holds the print head. For this prototype, the feeding system is placed on top of the 

printhead along with the driven gear that activates the feeder gear. 

 

Looking at the feeder system provided by Tevo Tarantula (Figure 4.5 (a)), it sets a drawback in this 

prototype. The length of the grip is too long (70mm), causing collision between it and the main shaft, 

meaning that it had to be shortened or replaced. Therefore, the solution for this was to use a MK8 

Extruder Aluminium feeder kit (Figure 4.5 (b)) for 1.75mm filament [66] which has a much smaller grip 

(52mm) and does the exact same function as the Tevo Tarantula’s feeder, avoiding any collision this 

way. 
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(a) Tevo Tarantula’s original feeder (b) MK8 Extruder Aluminium feeder 

 

Figure 4.5 - Feeder system 

 

4.2.3 Shaft Overview 
 

Using the feeder system previously mentioned in Figure 4.5 sets an obligation for its motion 

transmission. This system was designed to be coupled to the extruder’s stepper motor, meaning that 

the feeder gear has a bore diameter correspondent to the stepper’s shaft diameter of 5mm. As part of 

the core objective of this prototype, the feeder system will no longer be coupled to the stepper motor, 

which means that a new shaft is required. In order to fulfill the project’s specifications, the new shaft was 

modeled in Solidworks, as seen in Figure 4.6, and accordingly lathed in a workshop afterwards.  

 

 
Figure 4.6 - 5mm aluminium shaft 

 

The base profile used to lathe this shaft is manufactured by alfer and the product specifications available 

at the manufacturer’s catalogue can be seen in Figure 4.7. 
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Uncoated aluminium 

 

Dim. a – 11.5mm 

Figure 4.7 - aluminium dimensions 

 

A keyway was applied in the shaft, as seen in Figure 4.6, providing a straight surface to lock the feeder 

gear to the shaft. In addition to this the shaft will also have the driven gear attached to it, whose locking 

system underwent changes due to assembling issues. The initial idea was to have a 2.1mm through 

hole in the shaft and the driven gear (which is 3D printed) and use a 2.1mm elastic pin to lock both parts. 

Although, during the physical assembly, while trying to insert the pin inside these two parts, the shaft 

cracked into 2 pieces. This meant that the only alternative left was to lathe another shaft without the 

through hole and use super glue to fix the gear to the shaft. 

 

4.3 Z Carriage 
 

The initial Tevo Tarantula model used a simple mechanism with 4 v-slot wheels on each side of the Z 

axis frame and it used 2 eccentric nuts on each side to tighten and loosen the mechanism.  

This system was redesigned and even though it still uses the 4 v-slot wheels for better stability, it no 

longer requires the eccentric nuts. Since it was required to have the main shaft on the other side of the 

frame, this carriage now uses 2 support parts with the v-slot wheels in the middle of them, following the 

same principle as the modular X carriage. The physical representation of this system is shown below in 

Figure 4.8. 

 

  
(a) Z axis carriage – stepper side (b) Z axis carriage – pillow block side 

 

Figure 4.8 - Z axis carriage 
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Therefore, additional parts are required to assemble this carriage and the list of components used in 

this assembly is described below in Table 3. 

 

 
Table 3 -Z Carriage components 

Designation Quantity 

M5, 50mm Bolt + M5 Nut 4 

M5, 45mm Bolt + M5 Nut 4 

M4, 60mm Bolt 4 

M4, 40mm Bolt 4 

M4 T-Nuts 8 

8x5x6mm brass spacer 16 

V-slot wheels 8 

 

 

On one of the sides of the Z axis frame, the added support also has a bracket attached that holds the 

feeder stepper motor, where the main shaft is fixed to. On the other hand, the support on the opposing 

side only has to uphold the pillow block. These parts are explained in detail further on this chapter. 

 

 

The X stepper motor support part remained unchanged, as it doesn’t interfere with the new system and 

there is no collision between parts, as well as the part used in the Z carriage on the feeder’s stepper 

side, which are provided by Tevo. 

 

 

4.3.1 Main Shaft  
 

Following up, the main shaft set used for this system is one of the core parts that had to be considered. 

Not only is the shaft going to be rotating as the feeder’s stepper motor is providing its movement as well 

as the drive gear mounted on this shaft will have to slide along it back and forth so that it is always 

aligned with the driven gear when the X carriage moves.  

 

One of the companies that provides a fair share of their products to Lab2Prod is igus [67]. Browsing 

through their catalog, a linear guide with square profile that could fit these needs was found. 
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Figure 4.9 - DryLin square profile. Source: [68] 

 

The DryLin square profile, shown in Figure 4.9, is made of aluminium, hard anodized and is very light 

weight as well as robust and corrosion-resistant. The fact that this profile is square, allows the drive 

gear, mounted on a specific component, to slide and rotate at the same time which would not be 

achieved with a circular profile. 

 

As previously just mentioned, the drive gear will have to slide along the shaft and in order to do so, igus 

provides a special sliding element as seen in  

Figure 4.10, that is used in DryLin’s pillow block, made out of a material called Iglidur J which is torque-

resistant and has a low coefficient of surface friction [69]. This item, with reference JQL-02-20 (without 

fixing pin), was specially designed to be mounted on the DryLin square profile and held in a pillow block 

housing. Since the pillow block provided by igus doesn’t fit the needs of this project, a new model was 

drawn in Solidworks with all the required specifications and printed at the laboratory’s Ultimaker 3. 

 

   
(a) Sliding element parts (b) New model to house the 

sliding element parts  
(c) Assembly of parts (a) and (b) with DryLin’s 

square profile 

 

Figure 4.10 - Sliding element and corresponding housing 

 

In terms of dimensions, the DryLin square profile has 3 choices. The smallest profile would be the most 

suitable as it would be lighter, cheaper and it would also simplify the prototype as it would reduce some 

of the components’ dimensions. Although, the sliding element was only designed for the 20mm diameter 

square profile, which is the largest one, making this the only viable option. 
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The length chosen for the square profile was of 250mm, giving enough margin for the drive gear to slide 

around without hitting the edge and covering the printhead’s X axis travel length. The technical data of 

the DryLin square profile (part number AWMQ-20) is listed below in Table 4. 

 

 
Table 4 – DryLin square profile’s technical data [68] 

Parameter Dimension [mm] 

q  20 

Ø dq 25 

qi  15 

Length 250 

 

 

It is important to note that the 250mm length of the square profile doesn’t cover the entire shaft’s section. 

Another shaft had to be made, to connect the stepper to the opposing end, which fits inside the DryLin’s 

profile and is locked within it with a small part in each end, designed in Solidworks. This thinner shaft is 

323mm long and has a square profile with 11.5x11.5mm, previously mentioned in Figure 4.7,  along the 

section that is inside the DryLin’s square profile, while the rest of the profile, that connects to the stepper 

motor on one side and to the pillow block on the opposing end, was lathed to a circular section with a 

10mm diameter. The initial idea was to simply have the circular section of the smaller aluminium shaft 

on each end, but having the shaft cover the entire length provides more stiffness to it, and also having 

the square section appropriately locked within the DryLin’s square profile will make sure both shafts 

always rotate in solidarity. The physical representation of this system can be seen in Figure 4.11. 

 

 
Figure 4.11 - DryLin's square profile with aluminium shaft coupled inside with locking part 
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4.3.2 Feeder Stepper Bracket 
 

Stepper Brackets are commonly used within this 3D printer in order to place the steppers in a desired 

location within the frame. The brackets provided by tevo tarantula were used as a base model to design 

a new bracket that is thicker so that the main shaft doesn’t collide the modular X carriage. Other than 

that, it was also added a pillow block for the bearing as seen in Figure 4.12. 

 

 
Figure 4.12 - Stepper Bracket 

 

Additionally, in order to achieve the desired center distance between gears, the stepper bracket’s 

positioning in the Z axis support part had to correspond to an exact location, which was measured in 

Solidworks with the value 25.60mm as shown in Figure 4.13 (a) and verified in Figure 4.13 (b). 

 

  
(a) Measurement in Solidworks (b) Measurement verification in prototype 

 

Figure 4.13 - Stepper Bracket distance to top of Z axis part 
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4.4 Gears 
 

When it comes to power and motion transmission, gears are the most essential parts of a machine for 

multiple applications, such as aerospace and automobile, among others [70]. 

The driving gear system is the core mechanism for this prototype to properly work without 

malfunctioning. Quite a few options were considered within this specific set and even though more than 

one seemed theoretically viable, one of them was preferred, as explained further on this chapter. 

 

Over all the materials that were previously mentioned in section 2.1.3, that are available at the 

laboratory, Nylon filament is the one that offers most finished gear quality. Not only it is incredibly strong 

and durable, it has a low friction coefficient, high inter-layer adhesion and high melting temperature 

which make it a great choice for 3D printed gears. Although, nylon is a difficult material to print with and 

is also hygroscopic.  

This means that the choice remaining is between PLA and ABS. PLA has high rigidity and it shows 

better wear properties than ABS, making it a better choice. 

 

Before designing the actual gears and deciding which types to use, a few details need to be taken into 

account.  

First of all, the center distance between 5mm diameter shaft and the x carriage piece where it is held is 

of 23.27mm, as shown in Figure 4.14, meaning that the driven gear’s diameter can’t exceed 46mm. 

 

 
Figure 4.14 - Center Distance between 5mm shaft and X carriage part 

 

Furthermore, the center distance between the two gears needs to be set so that gear system can 

properly function. For doing so, the center distance between the main shaft, which holds the drive gear, 

and the 5mm shaft, which holds the driven gear, was measured in Solidworks. The initial measurement 

made still had not taken into account the grip’s length. Once dZ was changed, by increasing the stepper 

support and Z carriage part’s thickness, the value was set at 45.70mm. From there, it was decided that 

the center distance should be 47mm, which was the closer round value therefore making it easier to 

design the gears, and dY and dZ were adapted to set this value. 
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The final measurement that validates the center distance is shown in Figure 4.15. 

 

 
Figure 4.15 - Gears' center distance 

 

According to Shigley’s Mechanical Engineering Design[71], gear’s center distance is given by: 

 

 𝑎𝑎 =
𝐷𝐷𝐷𝐷1 + 𝐷𝐷𝐷𝐷2

2
 (4.1) 

 

 

Knowing that the pitch diameter is obtained by multiplying the module with the number of teeth, 

 

 𝐷𝐷𝐷𝐷 = 𝑚𝑚 × 𝑧𝑧 (4.2) 

 

 

We can relate both these equations and the center distance is calculated as follows. 

 

 
𝑎𝑎 =

(𝑧𝑧1 + 𝑧𝑧2)𝑚𝑚
2

 
(4.3) 

 

 

With this equation it is now possible to choose a module and determine the number of teeth for each 

gear. But in order to do this, it is first necessary to decide on which type of gear to use. 

 

 

4.4.1 Option 1: Herringbone Gears 
 

Herringbone gears, are also called double helical gears, as seen in Figure 4.16, and were most 

commonly designed to transmit power via parallel axes or, in some cases, perpendicular axes. Being 

one of the most commonly used gears within printer extruders, herringbone gears stand out due to the 
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fact that they increase contact ratio, self-center and most specially nullify the axial thrust, common of 

helical gears, which makes it the first option to look at and consider.  

 

This type of gears is harder to manufacture through conventional machining which makes them more 

expensive when a user custom made model with more precision is required. One of the solutions to 

manufacture these gears has been to stack two helical gears together. Therefore, 3D printing these 

gears not only makes it easier but also incredibly cheaper. 

 

 
Figure 4.16 - Double helical gear (similar to herringbone gear). Source: [70] 

 

 

4.4.2 Option 2: Spur Gears 
 

Spur gears (Figure 4.17) are used very often in mechanical transmission systems and are used to 

transmit rotary motion between parallel shafts. These are easy to manufacture and can be used for a 

wide range of applications. Just like herringbone gears, spur gears don’t produce axial forces thus only 

producing radial forces, but the way their teeth mesh cause high stresses on gear teeth and tend to be 

very noisy. Due to this fact, these gears are usually used for low speed applications, which is the case 

of this prototype, even though they can be used at higher speeds. 

 

Spur Gears can be made of metals, such as steel, or from plastics like nylon or polycarbonate. Plastic 

gears effectively generate less noise but do not show the same strength and loading capability as metal 

gears. Furthermore, they have high transmission efficiency when compared to other gears, specially 

worm gears. 

 

 
Figure 4.17 - Spur gear. Source: [70] 
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4.4.3 Overall analysis choice 

 
Having considered both options, Option 1: Herringbone Gears was the first to be considered, due to its 

application and also the vast use of these gears in 3D. Although, there is another factor that is 

conditioning this choice – the X carriage and the sliding carriage on the DryLin’s square profile have to 

simultaneously move along the X axis and the mechanism that connects these two parts is the key factor 

for the system to work.  

 

Initially, the idea was to use the herringbone gear as this mechanism to make the carriages slide around 

the axis, although, this was very likely to cause misalignments and the gear set would wear off far too 

fast. Having said this, the next idea was to use a “fork” like system, as seen in  

Figure 4.18 (a), connecting these two parts together and getting the pressure off the gear set so that it 

could function properly. Considering that the sliding carriage will be rotating as well, on top of the X axis 

movement, the friction between these parts should be considerable, especially because these are 3D 

printed and the finishing quality may not be the most desirable to the application of this system. The 

surface of the fork part from the sliding system could still be polished after being printed in order to 

create less friction, but the gap in the X carriage part would be practically impossible to be polished with 

its 3mm gap. Therefore, a newer version was designed as seen in  

Figure 4.18 (b), that uses instead two cylinders with 3mm thickness that will have their inner surface in 

contact with the X carriage part’s outer surface, thus allowing all surfaces to be polished and creating 

less friction with its rotation and sliding movement. 

 

 
 

(a) Initial fork system (b) Final fork system 

 

Figure 4.18 - Pushing system between X carriage and sliding carriage 
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Having decided on the system previously just mentioned, it is now noted that the fork system will provide 

all the necessary movement for the carriage to slide along the shaft and gears will no longer be required 

for this being function, meaning that it is better to choose the spur gears, which also ignore axial forces, 

and will be completely free from any friction generated due to the X axis movement. 

 

Going back to Equation (4.3), using a module between 1 and 2 and choosing the number of teeth 

accordingly (knowing that the drive gear’s pitch diameter will have to be higher than the driven gear’s), 

Table 5 is achieved. 

 
Table 5 - Gears' specifications 

 Gear 1 Gear 2 

m 2 2 

z  27 20 

Dp 54 40 

ɸ [º] 20 20 

Face Width [mm] 10 10 

Shaft Diameter [mm] 32 5 

 

 

 

4.5 Stepper Motor 
 

Each of the axis movement as well as the extruder is supplied by a stepper motor. The stepper motors 

used in this prototype are provided by Tevo and the same ones used in the base model, Tarantula. The 

model designation of this stepper motor is NEMA 174401HD and its technical drawings and torque-

speed relation can be found in Figure 4.19. 

 

 

   
(a) Technical drawing and dimensions in inch (mm) (b) Torque-speed performance 

 

Figure 4.19 - NEMA 174401HD drawings and torque-speed relation. Source: [72] 
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Furthermore, the stepper’s specifications are also provided by the manufacturer and detailed in Table 

6. 

 
Table 6 - NEMA 174401HD specifications. Adapted from [72] 

Holding Torque 42 N.cm 

Detent Torque 1.5 N.cm 

Step Angle 1.8 º 

Weight 230 grams 

 

 

In order to calculate the extruder’s stepper motor feeding speed, it was timed how long the normal printer 

takes to extrude 100mm of filament and then computed to achieve the rpm.  

 

Using a chronometer, it was time 1min40s to extrude 100mm of filament, which corresponds to 59.88 

mm/min. Linear velocity is calculated by 
 

 𝑣𝑣 = 𝜔𝜔 × 𝑜𝑜 

 

(4.4) 

 

 

Knowing that 1rpm = 0.10472 rad/s, linear velocity can be translated into  

 

 𝑣𝑣 = 𝑜𝑜 × 𝑅𝑅𝑅𝑅𝑅𝑅 × 0.10472 (4.5) 

 

 

Therefore, the RPM at which the stepper motor extrudes is 

 

 𝑅𝑅𝑅𝑅𝑅𝑅 =
0.05988

0.005 × 0.10472
= 114.36 (4.6) 

 

 

4.6 Bearings 
 

Having rotating shafts require the use bearings to serve as pillow blocks, constraining the shaft’s motion 

to only the desired one. Bearings also transfer the axial and radial loads from their source to the 

bearing’s supporting structure thus alleviating friction on the shaft. There are various types of bearings, 

such as rolling bearings, that include roller or ball bearings, as well as jewel bearings, fluid bearings and 

magnetic bearings. For this appliance, the type of bearings used are ball bearings as they are submitted 

to low speeds (stepper motor extrudes at 114.36 rpm) and low loads. 
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The first parameter to be considered when choosing the bearings was bore diameter, which had to be 

correspondent to the shaft’s diameter. Knowing that two different shafts are used in this prototype, two 

different bearings had to be selected. 

 

Looking at the main shaft, the bearings will be supporting the inner aluminium shaft which has a 10mm 

diameter on its ends, thus the bearing’s bore diameter will also have to correspond to this. From then 

on, the width and outer diameter could vary, as the part that will hold the bearing is 3D printed and 

therefore can be adapted to any requirements. Another factor that influenced the bearing choice was 

the price. Same models can have extremely different prices, depending on the brand that manufactures 

it. After browsing different catalogs, the bearing chosen was model 6800 with the specifications shown 

below in Table 7. This bearing could be found online for less than 2€ but it would require ordering which 

could take a lot longer than expected. Small bearings such as this model are often used in aeromodelling 

thus making it easier to acquire in a local store and generally at a more accessible price.  

 
Table 7 – 6800 specifications. Adapted from [73] 

Bore Diameter (d) 10 mm 

 

Outer Diameter (D) 19 mm 

Width (B) 5 mm 

Dynamic Loading Rating (Cr) 1716 N 

Static Loading Rating (Cor) 840 N 

Max Speed (Grease) 37000 rpm 

Weight (g) 5.60 grams 

 

 

As for the 5mm aluminium shaft, the same choice procedures were applied. The bearing’s bore diameter 

had to correspond to the shaft’s diameter of 5mm. Searching through the available parts at the 

Lab2Prod’s laboratory, it was possible to find solid v wheel kits which contain 5mm bore diameter 

bearings and perfectly serve for the appliance they are required for and are also extremely affordable. 

The model of these bearings is 625-2RS and the product specifications is described in Table 8. 

 

 
Table 8 - 625-2RS specifications. Adapted from [74] 

Bore Diameter (d) 5 mm 

 

Outer Diameter (D) 16 mm 

Width (B) 5 mm 

Dynamic Loading Rating (Cr) 670 N 

Static Loading Rating (Cor) 1730 N 

Max Speed  6000 rpm 

Weight (g) 5 grams 



40 
 

 

 

4.7 Bed 
  

The bed system used in this prototype is the one provided by Tevo Tarantula due to the fact that 

the frame is the same as the original tarantula model, shown in Figure 4.20. 

 

  
(a) Printing bed side view (b) Printing bed top view 

 

Figure 4.20 - Printing bed in physical prototype 

 

 

The screw and spring system seen in Figure 4.20 (a) at the corner of the printing bed is used to manually 

level the bed. This bed system has a major drawback which is the fact that the printing bed is not 

detachable, unless the screws are loosened which will unlevel the bed. A separate plate should be used 

on top of the printing bed so that it could easily be taken aside to safely remove the printed parts without 

causing any printing bed misalignments. 
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Chapter 5 
 

 

5. Results and Testing 
 

Having achieved a working prototype, this section covers all the analysis made over this prototype in 

terms of its functionality and also a weight and costs comparison between the developed prototype and 

the original Tevo Tarantula printer. 

 

5.1 Printing Tests 
 

Printing test were carried out to evaluate the ability of this system to work under normal conditions. First 

tests that the system was submitted to, used all normal printing parameters without any step reductions 

nor speed reductions. The material used in these tests proved out to be one of the key factors that 

affected the prototype’s ability to successfully print. The 1.75mm PLA filament available at the laboratory 

has extremely low quality therefore making it even harder for the tests to succeed. Calibration of this 

machine is also very tricky and challenging, but once it was all set it was finally possible to print the first 

layers, as seen in Figure 5.1. 

 

 
Figure 5.1 - First successful attempt 

Paying close attention to the part, it is possible to see that printing started to fail and therefore was 

stopped. Several other tests using the same material were conducted but the same problems kept 

occurring, where the filament wouldn’t create proper bed adhesion, and even after changing printing 

parameters the same problems were verified. Therefore, the filament was swapped with another PLA 

filament available at the laboratory. 
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Starting with low printing speeds, down to a reduction of 80% to maintain printing stability, it was possible 

to successfully print the first few layers of the test cube, as shown in Figure 5.2. 

 

  
Figure 5.2 - Test printing of a cube during brim and first layers 

 

Tests prove that this prototype is functional and that even though the best parameters still need to be 

set and the bed properly calibrated, it is possible to use this system as a validate option. 

 

Unfortunately, during these tests it was not possible to fully print a test part to evaluate its quality as well 

as the printing speeds that it can achieve. The hotend clogged up, most likely due to the fact that it is a 

reused hotend which may contain residual material leftovers prom previous uses, thus the printing of 

the test part stopped halfway. Even so, the result can be seen below in Figure 5.3 

 

 

  
Figure 5.3 - Result of test printing 

 

 

In addition to this, further tests were conducted where it was possible to successfully print a test part till 

the end under its normal printing conditions, which means, without reducing the printing speed 

previously input by the software. 
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Figure 5.4 - Printed test cube 

 

As it is possible to see in the printed test cube shown in Figure 5.4, lack of material and some 

deformations can be verified. 

 

In the first place, the skirt which was added as a base for the test cube lacks deposited material in some 

parts. Secondly, and most importantly, the test cube shows an angle variation in its tips instead of the 

common 90-degree angles that a cube has. This is explained by a small clearance between the X 

carriage’s wheel and the printer’s metal frame where the wheels are held. Due to its speed, the direction 

change of the carriage results in a vibration of this carriage due to the previously mentioned clearance. 

 

 

5.2 Weight and Costs Analysis  
 

To better compare this newly developed system with the previous one created by Tevo and any other 

system that follows the same basis, a weight and cost analysis was done so that it is possible to 

understand the impact of all the added parts as well as the ones replaced in the original system. 

 

Table 9 shows the weight and price of each part that was added to the original Tevo Tarantula system, 

both 3D printed and bought separately, as well as the weight of the stepper motor and the v slot wheels 

which were also important for this matter. 

The price of the 3D printed parts was obtained using the software ideaMaker, that gives an estimated 

price of the part after slicing. 
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Table 9 - Prototype parts’ weight and costs 

Designation Weight [grams] Estimated 

Price [€] 

Quantity 

50mm aluminium shaft 3 
7.49/m 

1 

323mm aluminium shaft 102 1 

Sliding element housing final assembly 42 2.13 1 

Locking part for main shaft 1 0.09 2 

Igus DryLin square profile 250mm 112 10.65 1 

Sliding element 2 1.15 4 

X carriage    

 Shaft support (side 2.2v2) 16 1.91 1 

 Belt spacer 1 7 0.28 1 

 Belt spacer 2 6 0.21 1 

 625-2RS Bearing 5 0.84 2 

 V-slot wheel spacer 7 0.28 1 

 Side 2.1 33 0.98 1 

 Spacer 4 0.14 1 

 Side 1  31 0.92 1 

 Driven gear 14 0.47 1 

 V- Slot wheel kit 20 4.41 3 

 Aluminium mk8 feeder 65 9.50 1 

Z carriage    

 Stepper Bracket  47 2.03 1 

 Side 2 base verse  58 1.64 1 

 6800 Bearing 5.60 4.50 2 

 Side 1 base verse 68 1.93 1 

 Spacer 2 3 0.17 3 

 Spacer v2 5 0.19 1 

 Stepper Motor NEMA 17 293 18 1 

 V- Slot wheel kit 20 4.41 8 

 

 

Not only parts were added to the prototype but also some of the original parts from Tevo Tarantula had 

to be removed. The X carriage was completely changed, just like the feeding system. Therefore, the 

weight of the removed components is showed in the following Table 10. 
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Table 10 - Weight of removed parts 

Designation Weight [grams] Quantity 

Tevo Tarantula’s X carriage 26 1 

Tevo Tarantula’s filament feeder 52 1 

 

 

It is important to note that the hotend is not considered in this analysis because there was no change in 

it, thus the weight and price difference due to it remains the same. Additionally, the weight and price of 

the v-slot wheel kit will not be considered to the Z carriage due to the fact that the number of parts used 

remained unchanged. 

 

In addition to the weight of the parts previously just mentioned, it is also necessary to consider the weight 

of the components specified in Table 2 and Table 3 which sum up to a total of roughly 40g and 82g for 

the X carriage and Z carriage, respectively.  

 

All the weight values were measured with a scale available at Lab2Prod which has a precision of 1g. 

 

Overall, summing up the weight of all the parts for each carriage, we get the following values shown in 

Table 11. 

 

Table 11 - Added weight for each carriage 

 Total added weight [grams] 

X carriage 268 

Z carriage 839 

 

 

Even though the total added weight on the X carriage is of 268g, it is still necessary to consider the 26g 

of the original Tevo Tarantula’s X carriage that was removed, achieving a total 242g weight difference 

from the original system to the prototype one. 

 

Having the Tevo Tarantula system into consideration, which uses a Bowden extruder mechanism, it is 

not possible to directly compare the mass difference values of the developed system in this prototype 

with it, because the stepper motor and the feeder system is already placed apart from the printhead. 

However, if it’s pretended that the stepper motor and the original feeder system are placed on the X 

carriage, knowing that the stepper motor has a weight of 293g, the original feeder system has a weight 

of 52g and also the taking into account the weight of the 4th v-slot wheel kit that is used in the original 

system (prototype only uses 3), the mass reduction achieved, as well as the total investment required 

to implement this system, is shown in Table 12. 
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Table 12 - Mass reduction and total investment 

Prototype’s X carriage [grams] 268 

Tarantula’s X carriage with stepper motor and feeder system [grams] 391 

Mass reduction [grams] 123 

Percentage of mass reduction [%] 31.46 

Investment required to implement the new system [€] 52.03 
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Chapter 6 
 

 

6. Conclusions 
 

Having to build a functional prototype has proven out to be extremely challenging. Aside from all the 

details that should be taken into account during the project design, there are always a lot of gaps 

forgotten to be filled which are only realized during the actual physical prototype assembly. On top of 

that, any mistakes done during the physical assembly can result in hours of rework which when short in 

time may turn out to be critical.  

 

The idea to develop a new feeding system was extremely interesting and tricky at the same time. 3D 

printing technology is still on the rise and even though there are already a lot of new different models, 

each with its new improvements to differentiate it from other manufacturer’s, there was only one system 

available in the market that functions in a similar way of this prototype. For this reason, coming up with 

a new and different system took its considerate time and a lot of design changes to turn it to a functional 

prototype. Furthermore, the scientific work published on this topic of direct extrusion and Bowden 

extrusion is very scarce. 

 

Looking at the base model used to build this prototype, the Tevo Tarantula is extremely cheap when 

compared to other 3D printing machines, therefore making it more accessible to any user and allowing 

easy customization and modding. On the other hand, this model lacks accuracy and trying to achieve a 

good quality printing requires a lot of patience and calibration, which made it even harder when adapted 

to the prototype system developed and implemented. Even so, the tests performed allowed to validate 

the prototype’s functionality but there is still a large margin for improvements.  

 

Out of the 23 different parts used in the assembly of this new system (without considering stepper 

motors, hotend and v-slot wheels), only 2 of them were adapted from the previous and original model, 

Tevo Tarantula. Also, out of the 21 new different parts introduced, 2 were specifically manufactured for 

this prototype and 15 were 3D printed, of which 9 were specifically designed for this prototype. This 

comes to prove, as already stated by many authors, that 3D printing technology can adapt to most uses 

and provide the exact same, if not better, functionality as any other part produced through conventional 

manufacturing, lowering its manufacturing costs significantly. With this prototype, it is possible to achieve 

about 31% mass reduction while maintaining the systems functionality.  
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6.1 Future Work 
 

In order to achieve better results, some suggestions are described below for future work on this thesis: 

 

• Further tests should be done with the objective of achieving a greater printing quality at high printing 

speeds. 

 

• Some of the 3D printed parts, such as the hotend and feeder support (side 2.2v2) as well as the sliding 

element housing, could be redesigned to make the assembly easier. 

 

• A different printing bed calibrating system would help achieve better accuracy in printing. 

 

• Having a closed build envelope will provide a more stable printing environment thus leading to better 

printing quality. 

 

• When designing parts for 3D printing, drawing compensations need to be made in order to achieve the 

exact measures wanted. One suggestion is to set a standard list of these compensations applied to 

each printing directions so that the user doesn’t have to waste time and materials on printing the same 

part more than once. 
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9 Conjunto Deslizante M02L01-009 1
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11 Veio Quadrado interior 326mm M02L01-011 1
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