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Abstract 

 

Additive manufacturing (AM) has recently been in the spotlight regarding the aerospace industry. The 

possibility of improving critical aspects such as weight, complex designs or material corrosion has led 

some manufacturers into spending some time and resources into the development of this technology, 

formerly used almost only in the prototyping industry, with the objective of making end use parts.  

This thesis focuses on the design and production of a leaf-type spring landing gear for a UAV, using an 

AM process known as Fused Deposition Modeling (FDM), to produce a Fiber Reinforced Thermoplastic 

(FRTP) component.  

The main objective is to develop an FRTP part by FDM from its original design while respecting the 

initial functional requirements i.e., the ability to sustain the landing loads. This process of design takes 

in account the limitations of the 3D printer, the 3D printer software and the material properties. 

The part will be compared with a traditional part, in this case an aluminum part manufactured by CNC 

Milling, a subtractive production process. For that purpose, all the required data from Milling and FDM 

production technology will be collected and a comparison established. The collected data includes the 

time of production, energy consumption, amount of material used, among others, and it will be used to 

develop a cost model and an environmental impact model. 

The life cycle costing (LCC) objective is to determine the unitary cost of one part, for the two distinct 

production methods, and to compare them, to understand if it is viable to produce this component using 

a 3D printer instead of CNC Milling, that is more implemented in the industry. 

Finally, it is made a life cycle assessment (LCA) to evaluate the environmental impact of both 

technologies for this particular component. This analysis was made using an LCA software. 

It was concluded that the component produced in aluminum by CNC Milling is better comparing the 

mass and volume of the part and has significantly lower production costs. It was also concluded that the 

environmental impact is lower for the FRTP part produced by AM FDM. 

  

Key-words: Additive Manufacturing (AM); Fiber Reinforced Thermoplastics; Landing Gear; Leaf-Type 

Spring Gear; 3D Printer; CNC Milling; Life Cycle Costing (LCC); Life Cycle Assessment (LCA); 

Aerospace Industry.  



iv 
 

 

  



v 
 

Resumo 

 

A fabricação aditiva tem estado, recentemente, no centro das atenções da indústria aeroespacial. A 

possibilidade de melhorar certos aspetos críticos, como o peso, geometrias complexas ou a corrosão 

dos materiais levou a que alguns fabricantes dedicassem algum tempo e recursos para o 

desenvolvimento desta tecnologia, que antigamente era quase usada em exclusivo pela indústria dos 

protótipos, com o objetivo de agora fabricar peças para uso final. 

Esta tese foca-se no desenho e produção de um trem de aterragem de uma aeronave não tripulada, 

mais precisamente um trem de braço de torção, utilizando um processo de AM, FDM (Fused Deposition 

Modeling), para produzir um componente de termoplástico reforçado com fibra. 

O processo de desenho da peça FRTP (Termoplástico reforçado com fibra), para ser produzida por 

fabricação aditiva, tem como principal objetivo alterar o design da peça enquanto são respeitados os 

requisitos mecânicos iniciais, tendo em conta as limitações de AM tais como a impressora 3D, o 

software da impressora e das propriedades dos materiais. 

O objetivo é recolher todos os dados desta produção e estabelecer uma comparação com uma peça 

que cumpre os mesmos requisitos mecânicos, mas que é feita em alumínio utilizando fresagem CNC, 

um método de produção subtrativo. Os dados recolhidos incluem o tempo de produção, o consumo de 

energia, a quantidade de material utilizado, e serão usados para desenvolver um modelo de custos e 

um modelo de impacto ambiental. 

O objetivo do life cycle costing (LCC) é determinar o custo unitário de uma peça para os dois métodos 

de produção distintos, e fazer a comparação, de forma a entender se é viável a produção deste 

componente utilizando a impressora 3D em vez da máquina CNC, que está mais implementada na 

indústria. 

Finalmente, é feito uma avaliação do ciclo de vida (LCA) para avaliar o impacto ambiental das duas 

tecnologias na produção deste componente em particular. Esta análise foi realizada utilizando um 

software de LCA. 

Concluiu-se que o componente de alumínio, produzido por fresagem CNC, é melhor comparando a 

massa e o volume da peça e também tem custos de produção significativamente mais baixos. Também 

se concluiu que o impacto ambiental é mais baixo para a peça de FRTP produzida por AM FDM. 

 

Palavras-chave: Fabricação Aditiva; Termoplásticos reforçados com fibra; Trem de aterragem; Braço 

de torção; Impressora 3D; Fresagem CNC; Custos do ciclo de vida (LCC); Avaliação do ciclo de vida 

(LCA); Indústria Aeroespacial.  
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1. Introduction 

In a world where sustainability is becoming a key word in economy, environment and society everyone 

is always trying to optimize existing procedures and technologies or creating new ones [1]. 

Additive Manufacturing (AM) is a manufacturing technology that consists in adding material layer upon 

layer, instead of removing the material, to obtain the desired part. This technology has advantages and 

disadvantages compared to other technologies. One example of AM advantages is the ability to 

manufacture components with complex internal geometries, mass personalization, and low material 

waste. The main disadvantages are the long manufacturing time, and the small production volumes 

possible.  

The AM process used in this thesis is Fused Deposition Modeling (FDM) that consists on extruding 

melted material trough a heated nozzle. The material is deposed layer by layer until the final component 

is formed. 

The main goal of this thesis is to develop a FRTP part produced by AM FDM and compare it to an 

aluminum part produced by CNC Machining, a subtractive production method. The parts and processes 

will be compared in terms of mechanical performance, production costs and environmental impact.  

The chosen part to be compared is an UAV (Unmanned Aerial Vehicle) landing gear and it must meet 

the same mechanical requirements with both materials.  

The process of designing the FRTP landing gear is an iterative process, because of the lack of tools to 

analyze the behavior of parts made with this material. The goal is to respect the initial requirements, the 

ability to support the landing loads, while exploring the possible aspects where the design could be 

altered for FDM, while trying to keep the volume and mass of the part as low as possible. This process 

is influenced by the 3D printer and its software restrictions and also by the cost of the fibers used to 

reinforce the part. 

After obtaining the best design a Life Cycle Costing (LCC) model was developed to understand which 

part is more expensive. In this model it is considered a cradle-to-gate assessment, which is an 

assessment of a partial product life cycle from resource extraction to the factory gate. Because of the 

lack of data, it was excluded from the model the use phase and the disposal phase. So, it was 

determined the unitary cost of a FRTP and an Aluminum part.  

A Life Cycle Assessment (LCA) model is also developed to determine which component has the higher 

impact on the environment. Unlike the LCC model, in the LCA it was considered a cradle-to-grave 

assessment, taking in account the impact of the use phase and the disposal phase. 

Finally, the aluminum part and the FRTP part are compared in terms of mass, volume, costs and 

environmental impact. The drawbacks and difficulties of this particular AM process, FDM, and equipment 

are mentioned. It was also explored the possible aspects where the design could be improved, if the 

materials used explore the full capabilities of the design and some points where the AM equipment and 

its software can improve. Future work is proposed to complement subjects present on this thesis and to 

explore some points that were not possible to address here. 
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2. Bibliographic Research 

2.1. Additive Manufacturing 

2.1.1. Description 

Additive Manufacturing is a manufacturing process described by ASTM (American Society for Testing 

and Materials) as “A process of joining materials to make objects from a 3D model data, usually layer 

upon layer, as opposed to subtractive manufacturing technologies” [2].  

Subtractive manufacturing processes usually start with a block of raw material and then the material is 

progressively removed, by cutting, drilling, grinding or other procedures. In the end, as a result of the 

process, the final part is obtained, and it is also formed some waste material, that was removed to form 

the part. With additive manufacturing the material is added layer by layer, forming the final part without 

material waste. 

The name most commonly used for AM is 3D printing, but is also referred as rapid manufacturing, direct 

digital manufacturing or layered manufacturing [2]. 

2.1.2. History 

The first approach to AM technologies was an attempt to create solid objects using photopolymers using 

a laser and took place in the late 1960s at Battelle Memorial Institute [3][4]. From this point the research 

and development around AM started to grow, and a number of different AM methods was discovered 

and developed. 

Weber [5], composed a chronological list of the companies that manufactured AM machines and it all 

started in 1986 with 3D Systems and the processes were Stereolithography (SLA) and Selective Laser 

Sintering (SLS). SLA is a liquid-based polymerization process, that uses a process by which light causes 

chains of molecules to link forming a 3D polymer part. SLS is a powder based sintering process, that 

uses a laser to sinter powder (of nylon or other polymer) binding the material together to create a solid 

structure. Both processes form the part by producing one layer at a time until the final part is complete. 

The next big step was made by Stratasys in 1988, developing a liquid-based extrusion machine, whose 

process is more commonly known by FDM, in this process a filament of material is fed through a nozzle 

that melts it and it is deposited layer by layer.  

From these years on AM technology has largely evolved by creating new processes and upgrading the 

existing ones. Despite its potential AM processes only began to be commercialized in the 1990s and 

2000s, with a large growth in equipment sales observed around the year 2004 [5].  

It was around this year that an important event occurred which promoted the expansion of the market 

and commercialization of AM technologies, it was the expiration of some key patents [7] [8], that allowed 

companies to develop products based on some existing technologies. Another important factor was the 

advances in solid modeling software that allowed students and professionals to design and model 3D 

objects. It was also around this time that AM software began to be developed [5] [7] [9]. 
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Finally, the expansion and availability of the internet to almost everyone made knowledge sharing easy 

and supported the development of open-source hardware and software.  

2.1.3. Applications 

AM processes main applications are prototyping and personal users (3D home printers), but nowadays 

it is gaining space in industry production. The improvement of AM technologies is increasing its use by 

companies to produce components [10]. 

The flexibility of materials and procedures around AM technologies allow the production of complex 

shapes and designs using a wide variety of materials. AM parts have a large number of materials 

available that can be used in their production, from metals as aluminum or steel alloys, to plastics or 

even edible materials as chocolate or sugar [7] [8]. 

AM can be used to produce models, prototypes, end use parts, assemblies or even tooling. AM can be 

used to produce parts alongside other production methods, by alternating printing and machining 

operations. For example, it is possible to print embedded components, which consists on one 

component of another material being inserted in the AM part during production [7]. This component is 

considered in the design of the part and in the printer software, so that the printing is optimized to 

accommodate the new material. In some processes, the printing can be interrupted in order to insert a 

material and then the printing is restarted. 

One important branch of 3D printing is the polymer based low-cost 3D printers that allowed the general 

public to express creativity and produce its own parts as a hobby at their own home. This technology 

has been improving in quality and the prices are expected to drop in the near future, allowing the 3D 

printing market to grow even more among common users.[8] 

This technology applications cover a large range of industries such as automotive, aerospace, medical 

prosthetics, tools production, electronic components, jewelry, furniture, sports equipment and numerous 

other areas. 

2.1.4. Expectations 

The expansion of AM technology is expected to bring major changes to the educational, industrial, 

economic and social fields. 

Nowadays, both workers and engineers are mostly unfamiliar with this technology and unaware of its 

capabilities. So, schools and colleges will have an important role educating the future workers and 

engineers with the objective of taking advantage of the technology full capabilities [11]. 

To the industrial panorama it is expected that AM will allow that some parts will no longer need to be 

produced in a factory, assembled and then shipped to final costumers. With AM, these parts can be 

designed and manufactured near the final consumer [12][13]. This paradigm change can alter 

completely the way companies work. 

Economically, one of the reasons why AM is considered promising is related to the production scale, or 

production volume, AM can make small scale productions viable, enabling part customization by 

creating interaction between the designer and the consumer, creating the ideal customized product, 
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making the consumer active. This co-creation between companies and customers is an improvement to 

the traditional market, where products are standardized, and may open way to innovation in many areas 

[12][14]. Another point is that AM is growing very rapidly, it has an estimated $ 4 billion market value in 

2014 and is expected to grow to more than 21 billion in 2020 [3] [7] [9]. 

Finally, in the social field, one example is that is expected to have an increase in the need for specialized 

labor, to develop, design and accompany the production, however the need for non-specialized labor 

will be reduced, since with AM there is no labor intensive processes [1].  

 

2.2. AM Processes and Materials 

AM processes can be divided in three main categories, based on the state of the material, it can be 

powder, solid or liquid based as we can see in Figure 1. This classification was made in the early 1990s 

by Kruth [15]. 

The most commonly applied processes are stereolithography (SLA), selective laser sintering (SLS), 

digital light processing (DLP), fused deposition modelling (FDM), selective laser melting (SLM) and 

electron beam melting (EBM) [1][16]. 

Most recently, ASTM International has classified AM technologies into seven categories: Material 

Extrusion, Powder Bed Fusion, Vat Photopolymerization, Material Jetting, Binder Jetting, Sheet 

Lamination and Directed Energy Deposition [1] [8].  

In Table 1, it is discriminated which technologies, materials and power sources correspond to each 

category. 

Figure 1-Classification of additive manufacturing processes (adapted from Kruth et al.[15]) 
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Categories Processes Materials Power Source 

Material Extrusion 
FDM 

Thermoplastics, Ceramic 
Slurries, Metal Pastes 

Thermal Energy 
Contour Crafting 

Powder Bed Fusion 

SLS Polyamides/Polymer 
High-Powered 
Laser Beam 

DMLS 
Atomized Metal Powder, 
Ceramic Powder 

SLM 

EBM Electron Beam 

Vat 
Photopolymerization 

SLA Photopolymer, Ceramics Ultraviolet Laser 

Material Jetting Inkjet Printing Photopolymer, Wax 
Thermal 

Energy/Photocuring 

Binder Jetting Indirect Inkjet Printing 
Polymer, Ceramic and 
Metal Powder 

Thermal Energy 

Sheet Lamination LOM 
Plastic film, Metallic 
Sheet, Ceramic Tape 

Laser Beam 

Directed Energy 
Deposition 

LENS 
Molten Metal Powder Laser Beam 

EBW 
      Table 1 - AM categories according to ASTM 

The process more appropriate to produce a specific component depends on the component 

characteristics and production requirements, such as type of material, surface finish, production size, 

cost of the component, among others. So, it is important to choose the right process to obtain the final 

component with the desired characteristics. For example, the material extrusion category has as main 

characteristics, the low price of the extrusion machine, the variety of materials available, the limited part 

resolution and the poor surface finish, while for example the material jetting category has a high surface 

finish but uses low-strength materials.  

This is important to demonstrate that AM includes a variety of processes with specific characteristics 

and that choosing the right process to produce a component can determine if it is viable, when compared 

with other production technologies. 

 

2.3. Advantages and Disadvantages of AM 

AM processes can have a large amount of advantages comparing with traditional production methods 

such as cutting, milling or CNC machining, but with this new approach to production there are also some 

disadvantages to be accounted. In the next paragraphs some general advantages and disadvantages 

of AM technologies will be listed, but it’s worth mentioning that they are not applicable to all AM 

processes due to differences in manufacturing techniques and materials used. 

Some of the advantages are: 

Design Flexibility. Freeform and complex geometries as well as internal geometries are one of the 

main advantages of AM, allowing the production of parts with internal complex internal features to be 
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made without difficulty and with more accuracy. Another point where design flexibility stands up is the 

ability of reducing material usage, choosing the specific locations of the part where the material is 

needed or expendable. Some of these features can be achieved with traditional production methods as 

machining or drilling, but require extra machinery, time and costs. 

Costs. In the case of some parts, if the production scale is small and the part is complex, AM can be a 

less expensive alternative to other methods, because it requires less machinery, there is no need to 

make expensive molds or to waste removed material. 

One way of cutting costs with AM is by reducing the need for parts inventory, AM allows the product to 

be made only when ordered because the only thing needed is the digital design. In a traditional method, 

the machines need to be set up to produce a specific part, so it is produced in excess to hold an 

inventory, not wasting money setting up the machines every time parts need to be produced. AM allows 

cost reduction on storage spaces, on inventory that is not sold or even inventory that is damaged when 

stored [10]. One particular industry that benefits from this is the automotive, where manufacturers have 

to keep a stock of parts for a number of years for each model, this way there could be more easy access 

to replacement parts of older automobiles[1]. 

Assembly. For some complex parts or parts systems, usually the design divides these systems into a 

number of simpler parts which are able to be manufactured by traditional methods and that later are 

assembled.  With AM, sometimes is possible to eliminate the need for assembly, altering the design, 

reducing the complexity, and number of parts of the system. Another characteristic is the ability in FDM 

FRTP to produce a composite material without the need for welding or gluing. 

Materials characteristics: In some AM processes it is possible to use materials such as Polymers, 

Carbon Fiber, Glass Fiber among others that can be combined to form parts that are stronger, lighter or 

even more resistant to corrosion. One characteristic of the FRTP part is that it has a much higher 

resistance to corrosion than metal parts. Owing to the fact that corrosion is one of the main reasons for 

crack generation and reduce of the fatigue life of the aluminum [40][44]. 

Customization. One of the big changes that AM can provide is in the department of freedom of the final 

user to be an active voice in the design. An interesting view on the subject is provided by Chen [12], 

who shows that usually in the product development phase there are three different approaches. The 

first one is called Craft Manufacturing, where the consumer interacts with the artisan who manufactures 

a product that fits that client needs. The second one, is Mass Manufacturing, where one designer 

develops the product and a standardized product is sold to all customers. And the third one, Mass 

Customization, where the designer interacts with the costumers and produces a range of customized 

products that will fit most people needs. Finally, what AM can introduce with its direct digital 

manufacturing is the interaction between many persons that will result in one perfected and personalized 

product that can be produced locally. 

Co-creation. With the evolution and availability to a more general public of AM technology arises the 

opportunity of creating online platforms for sharing knowledge, designs and even to co-create parts. 

This is clearly an advantage because it transforms what had once been an exclusive technology into a 
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usable technology available to everyone [14]. So, that one individual can use one design already made 

by others and alter, and produce it taking in account his personal needs or tastes. Although this is an 

advantage, it brings along some concerns, mainly regarding security and copyright. An example of a 

security concern is, if someone can design a firearm and manufacture it with AM technology, as it is not 

registered it can be owned by someone that is not allowed to, or it can be produced without metals, so 

it can surpass security systems [1] [17] [18]. In the copyright theme, the online sharing platforms will 

have to be regulated same as in the music or video industries in order to overcome the concerns of the 

designs being used without owner’s consent. 

Some disadvantages are: 

Part finishing: Usually AM is defined as it was above, as a process where is no need to subtract or 

remove material. This is not always accurate, because with some geometries are not perfectly suited 

for the functioning of a 3D printer. For example, if the part is not completely flat on the printing surface, 

or has overhangs, support material must be present, that has to be removed. This finishing procedure 

requires time and labor resources.  

The part might also require to be polished to smoothen the surface and if wanted, painted. It is also 

possible in some AM procedures to add pre-production dyes to some of the initial material, removing 

the need for painting. 

Production Scale. This point can be seen as an advantage or disadvantage depending on the product 

to be made. Nowadays, state of the art AM technology doesn’t allow large production numbers without 

taking a toll on the costs and time.  It is clearly a disadvantage comparing to traditional production 

methods as injection molding or even CNC machining, mainly because of its production time is 

significantly higher than conventional production methods. But, regarding small batches it is a 

competitive technology regarding costs, as it can be less expensive. Also, AM technology is still a 

relatively new method with a big margin of improvement, so it is expected in the next few years for it to 

be improved and investments to be made in research and development in order to improve on the 

disadvantages to optimize the other advantages. 

Digitalization of Ideas. Constraints related to CAD and digitalization of the ideas is one of the 

disadvantages of AM. If the parts to be designed and produced have simple forms, usually is not 

complicated for the user to manufacture them, but as previously mentioned, the advantage of AM 

technology is to print complex, multi-scale geometries that are complicated to produce with conventional 

subtractive technology. So, this brings the attention to the capabilities of actual 3D CAD software and 

the training of the technicians/designers that will develop the AM part. The need to educate future design 

and manufacturing engineers is essential to fully develop and to take full advantage of the AM potential 

[19]. 

Validation of Results. Nowadays almost every company uses FEM software or other mathematical 

methods to predict the behavior and the mechanical and thermal characteristics of a part right in the first 

phase of the development, the design. This allows companies to save a significant amount of money in 

time, prototypes, machines and labor. With AM technologies based on new materials, such as FRTP, 
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there is not been yet developed mathematical methods to study components produced with this material 

[10]. The importance of this point is going to be addressed further ahead as it will affect the part design 

process in the case study. 

 

2.4. AM role in Aerospace 

AM gateway to the aerospace industry was through prototyping. With the technological advances made 

in AM, some companies became aware of this technology advantages, not only to produce prototypes 

but also when applied to the production of end use aerospace parts.  

Besides prototyping, aerospace is one sector that could benefit from AM characteristics because usually 

has high performance needs and a low scale of production.  

AM can improve the weight of the aircraft with the lightweight parts, and consequently the environmental 

impact is reduced, because weight is directly connected with fuel consumption, by reducing the fuel 

consumption, the pollutant emissions are reduced [20]. 

The environment can also benefit from the changes in manufacturing, because usually the 

manufacturing of aircraft parts has a high impact on the environment due to the material wasted. One 

term is used to measure this impact, and is called buy-to-fly ratio, that is a ratio that compares the 

amount of material bought before production with the amount of material in the final component, and the 

airline industry has one of the highest ratios sometimes reaching 20:1 (input to final) [1] [10]. 

According to a report by SmarTech Markets Publishing [21], a provider of market research and industry 

analysis in the 3D printing/additive manufacturing sector, “aerospace experts believe that AM can 

reduce the lead-time for a part by 80%, compared with conventional manufacturing methods.” If this 

statement proves to be true, it will allow the companies developers to have more time to redesign the 

part until its performance is improved. 

Regarding the restoration and renovation of airplanes, AM enables the modernization and consequently 

performance improvement of old airplane parts, because there is no need to invest in specific molds or 

machinery, new and better parts can be produced and replaced in older airplanes with reduced costs, 

increasing the life time of the airplane. 

Some examples of aerospace companies which are introducing AM produced parts are: 

 Rolls-Royce has recently produced the largest 3D printed part to equip a civil aircraft. This 

component is a titanium front-bearing housing with a 1.5 meters diameter, part of the Trent XWB-

97 engine [22][23]. 
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 GE (General Electrics) started printing fuel nozzles in partnership with Snecma (Safran Aircraft 

Engines). These 3D printed fuel nozzles, in Figure 2, are 25% lighter and 5 times more durable 

than the existing nozzles, while also helping to improve around 15% the fuel efficiency of the LEAP 

engine it equips [24][10]. 

This new design allowed the internal cavities to be optimized in order to reduce carbon build-up 

within the nozzle. GE engineers state that these geometries could only be realized through the AM 

process [21]. 

 

 Airbus A320 nacelle hinge bracket, Figure 3, was produced using Direct Metal Laser Sintering 

(DMLS) when usually is made with casting. The results were impressive, with almost a 40% 

reduction in the weight of the bracket, obtained because of the new design allowed by the DMLS 

process. This process can reduce the overall airplane weight by 10 kilograms, consequently 

reducing the environmental impact and the costs of flight [21] [25]. 

 

Figure 2 - GE 3D printed fuel nozzle 

Figure 3 - Airbus A320 nacelle hinge bracket improvement 
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2.5. FDM (Fused Deposition Modeling) and FRTP  

Fused Deposition Modeling (FDM) can also be referred as Fused Filament Fabrication (FFF) is an AM 

process which consists on extruding the material through a nozzle that also melts it. The extruded 

material is deposited in the print bed (base) that moves up and down allowing the layered production. 

This process is one of the most used within the AM technology [26]. 

This technology was introduced in the late 1980s by the company Stratasys [5] and since then has been 

a popular method for creating prototypes and has even started to become one of the most common 3D 

printing methods. 

In terms of the final product, if the part consists in non-fiber thermoplastics such as polylactic acid (PLA) 

or acrylonitrile butadiene styrene (ABS) as feedstock materials they have relatively low mechanical 

strength. Therefore, development of new and innovative materials was essential to broadening the 

applications of additively manufactured products. An example of such materials is fiber reinforced 

thermoplastics (FRTPs) [26]. 

A thermoplastic is a polymer which main characteristic is that after it has been heated it becomes 

moldable, but when it’s cooled it solidifies. For example, one thermoplastic can be heated in order to be 

used by injection molding. This is also a negative characteristic because some applications where high 

temperatures are involved cannot incorporate fiber reinforced thermoplastics. 

Some examples of common thermoplastics are: Acrylic, ABS, Nylon, Polycarbonate, Polyethylene, 

polypropylene, Teflon among others. 

Glass fiber and carbon fiber are part of the ceramics group and are usually used as a fiber in a composite 

material. 

A composite material structure is formed by a bonding material, usually called matrix, and by a 

reinforcement material, usually called fiber. It is common to use a polymer as a bonding material, and 

a glass fiber or carbon fiber as a reinforcement [4]. 

The main objective, of combining two different types of materials, is to obtain a resulting material with 

better properties than the initial materials have by themselves. 

So, by the definition of composite materials a fiber reinforced thermoplastic (FRTP) is a composite 

material whose constituents are a thermoplastic and a fiber. 

The difference between an FDM machine that prints FRTP from one that only prints thermoplastics is 

that they don’t have the supply of fiber. The more common and available machines only print 

thermoplastics and do not have to integrate the fiber into the matrix, so these machines are less 

expensive and became more common for personal users. Apart from the lack of fiber deposition the 

functioning principle is the same as FRTP machines. 

This technology/ production method initiates with a CAD file that is usually converted into a STL format 

file (also referred to as Standard Triangle Language or Standard Tessellation Language), which is 

basically a sliced version of the CAD file that the printer is able to read.  
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The printing process consists on a thread of the material is continuously fed through an extrusion nozzle 

that is heated and so melts the material. In Figure 4 is an example of the functioning of an FDM 3D 

printing machine who prints FRTP parts. As we can see it has a supply of a thermoplastic polymer and 

a supply of a fiber. The nozzle deposits material layer by layer, and the building platform moves along 

the axis z to enable the printing of the next layer. In each layer the nozzle moves along axis x and y to 

achieve the desired design. This example of Figure 4 has the same functioning method as the equipment 

(described in chapter 3) used in the case study ahead. 

One thing to consider is that for different machines that are different parameters that affect the overall 

quality, feasibility and definition of the part. Some of these parameters are the nozzle exit diameter, 

which is more accurate and can produce smaller parts if smaller; the printing speed is also different for 

each printer, that also affects the overall cost of the part; the precision of the movement in z, smaller 

movements allow for more accurate and smaller parts. 

After the printing process is concluded the product is not ready to use. Usually, depending on the format 

and layout of the part there is a presence of support material. This material is only used to enable the 

printing of part overhangs. This support material does not belong on the final part and has to be removed. 

This support material is usually removed by hand simply by pulling it off. Later, if it is a final consumer 

part, it can also be sanded, painted or given other finishing to improve the aesthetics. 

  

 

 

 

 

 

Figure 4 - Functioning of an FDM 3D printer, image from [27] 
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2.6. CNC Machining 

As opposed to additive manufacturing, subtractive manufacturing consists in successively cutting 

material from a solid block of material until a 3D part is obtained. This process can be done manually, 

but nowadays is typically done with a CNC machine. CNC stands for computer numerical control and is 

the automation of machine tools that are usually manual operated. 

CNC Machining is a manufacturing process included in the Material Removal Processes or Subtractive 

Manufacturing. It includes any type of machining (Drilling, Milling, Water-jet, laser, etc), as long as the 

process is automated and controlled by computer.  

The first steps of production of a part by CNC machining are similar to FDM, the part has to be drawn 

into a CAD file and then into the machine software format. Then the machine does the work 

automatically, by using multiple tools to cut around at least three axes.  

The main big differences between CNC Machining and FDM are the material waste and the tooling 

wear. Some CNC systems also require the use of a coolant liquid. 

In the case study further ahead, the aircraft component to be subject to comparison is going to be 

produced by FDM and by CNC milling.  

Milling is a machining process that uses rotary cutting tools to remove material from the initial solid block. 

Unlike drilling where the rotary tool only moves along the rotation axis, in milling the rotary tool can also 

move perpendicularly to this axis, so, the cutting occurs with the side of the cutting tool. 

Some examples of CNC systems are Mills, Plasma Cutters, Electric Discharge Machining, Wire Cutting 

EDM and Water Jet Cutting [28]. 

In Figure 5, we can see a magnesium gearbox housing cover for an aircraft, whose details, such as the 

holes and connection joints were manufactured with CNC technology by Birken Manufacturing [29]. 

Figure 5 - Example of a CNC machined part 
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3. Methodology 

 

The methodology for the case study, where a comparison will be made between a component produced 

in aluminum by CNC Milling and in FRTP by FDM, is present in the diagram of Figure 6. It starts with 

the aluminum design which has a set of reference values of displacement and load to achieve. This 

design is analyzed with a FEM software and the results are compared with the initial requirements 

(defined in the case study further ahead). If they don’t match the part has to be redesigned. If they 

match, the results will be used to perform an environmental and cost analysis. 

 

The FRTP part is based on the original design and, since there is no way to make a FEM analysis, 

prototypes must be built and tested in a laboratory. If the results don’t match the reference values of 

displacement and load, then we start an iterative process of design until the results are a match and we 

proceed to the environmental and cost analysis. 

 

3.1. Equipment 

3.1.1. Markforged Mark II 

The 3D printer that was used in this project was the Markforged Mark II (Figure 7). This printer is able 

to print composite materials (FRTP) using additive manufacturing technology. Its procedure is to print 

alternate layers of matrix or fiber with the order and proportion defined by the user.  

In chapter 2.5, this printer procedure (Fused Deposition Modeling) and its functioning are explained.  

The printing area dimensions are 320mm x 132mm x 154mm. 

Figure 6 - Case Study Methodology Diagram 
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The matrix materials, in this case polymers, supported are Onyx and Nylon. The fiber can be Fiberglass, 

Carbon fiber, HSHT fiberglass (high strength high temperature fiberglass) and Kevlar. 

By managing to print both fibers and polymers, this machine is able to print structural resistant parts, 

with high values of hardness and durability. 

 

3.1.2. Energy meter 

 

In order to measure the amount of energy consumed by the Markforged in the case study, it was used 

an energy meter EnergyOT, Figure 8, which is a device that is connected to the intended equipment to 

measure its energy consumption in Kilowatts hour (KWh) and the variation of power in Watts used along 

the time, and in real time sends the data to the user via internet. 

Figure 7 - Markforged Mark II 

Figure 8 - EnergyOT 
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In Figure 9, we have an example of how the results are presented to the user by the meter, on the left 

side of the figure it’s the daily consumption in KWh and on the right side it’s the power variation in Watts 

with time corresponding to the 2nd of March. 

 

3.1.3. Software 

The software used throughout the case study were:  

 Solidworks that is a 3D CAD design software used to draw the component that was studied; 

 Siemens NX, that has, among others, the capability of execute a FEM (Finite Element Method) 

analysis. It was used in the design of the composite 3D printed part. FEM models do not apply to 

the part printed with the Markforged Mark II because of the specific layer types and orientations, 

thus the results were not exact. Nevertheless, it allowed to understand the location and magnitude 

of the forces that the part was subjected and with this information it was easier to design the part 

for AM.  

This software was also used to analyze the original aluminum part, and to obtain behavior data of 

the aluminum part to be used as a comparison with the AM produced part. 

 The Eiger software is commonly known as a “slicer”, and the users can upload a CAD file, and it 

allows the user to add selective fiber reinforcement to the part. In Eiger is possible to determine the 

orientation of the part, the location and amount of fiber among other features. It is a cloud-based 

software that allows the user to work on the part and start the printing without the need to be in the 

same location as the printer. 

 Simapro, is a software used to collect, analyze and monitor the sustainability performance data of 

a product or a service. In this case study it is used to measure the environmental impact of the two 

components that are going to be compared, in order to perform a life cycle assessment. 

 

 

 

Figure 9 - Example of results retrieved from EnergyOT 
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3.2. Mechanical Testing 

The Machine used to make the compression test of the AM part was an Instron 5566 (Figure 10) with a 

load cell of 10KN, and the machine is located in laboratory LEM2 in Instituto Superior Técnico. Despite 

knowing that the loads involved in the analysis of the case study component are in the range of the 

100N, therefore this machine is oversized for this analysis, it was the only available equipment at the 

time, so it was used to perform the mechanical tests. 

 

3.2.1. Tests layout and description 

The test performed meant to replicate the vertical loads applied on the landing gear when landing. 

Because it would be difficult to fix the aircraft link in order to apply the load force from the bottom to the 

top, and as the machine used to perform the test is able to apply force from the top to the bottom, to 

simplify the mounting, the part was oriented upside-down. 

In Figure 11 it is possible to see that the lower section of the part is fixed with a bolt, not allowing any 

movement. This section, that is bolted, is the connection to the aircraft, while the upper section, where 

the force is applied from top to bottom, corresponds to the wheel connection. In the aircraft link the 

constraint applied is similar to what it will be in a real aircraft, but the loads applied on the wheel link are 

not. To be more accurate it should be applied on a wheel that was bolted to the part. However, because 

the objective is to compare the FRTP part with the aluminum one, the load setup is the same used in 

the FEM simulation made for the aluminum part. 

 

Figure 10- Instron 5566 
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With this setup, the load applied is increasing gradually and at the same time the displacement is 

measured. So, we can determine what loads are applied in the range of displacement defined and 

compare them to the loads the aluminum part endures within the same displacement range. 

 

3.3. Life Cycle Analysis 

Sustainability has been a major concern for companies over the years, and because of economic, 

environmental and social reasons is becoming even more important nowadays [1]. The competition due 

to a global market, the environmental impact awareness of the 21st century population and countries 

and the social desire to affect the future generations in a positive way, make LCC and LCA a very 

important part of a product design, development and production [42] [43]. 

Life Cycle Costing (LCC) can be defined as the total cost of a product over its complete life cycle or a 

specific period of study. 

Life Cycle Assessment (LCA) is a methodology that allows the evaluation of traditional environmental 

indicators, usually associated with human health, pollution of the ecosystem environment and damage 

caused by resource used [12]. 

LCC and LCA are strongly related with each other, for example, environmental impact, assessed in 

LCA, is often dependent on energy and material usage on production, both categories strongly analyzed 

on LCC [12] [10]. 

Figure 11 - Test layout 
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The comparison between the traditional process and AM process rests on four main categories, listed 

on the diagram of Figure 12. These four areas can be subdivided into specific areas that are important 

to perform a more complete LCC and LCA. 

 

 

 

3.3.1. Life Cycle Costing 

3.3.1.1. Machine Cost 

 

The machine cost of the Markforged Mark II is calculated based on Equation 1, considering annual cost 

of the equipment and the annual productive hours. 

𝐶𝑒𝑞 = 𝐶𝑎𝑞.𝑒𝑞  × [
𝑖 × (1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
] × 

1

𝑑𝑦𝑒𝑎𝑟×ℎ𝑑𝑎𝑦

  ×ℎ𝑢𝑛𝑖𝑡 

 

Ceq is the cost of the equipment that we want to calculate, Caq.eq is the cost of acquisition of the machine, 

i is the opportunity cost, n is the depreciation time in years, dyear is the productive days of the year, hday 

is the productive hours of the day and hunit is the hours of production of one unit. 

 

 

 

Material 
Acquisition

•Aluminum

•FRTP

Production •CNC

•FDM

Use •Fuel Consumption

End of Life
•Recycling

•Incineration

Figure 12 - Life Cycle Diagram 

Eq.1 
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3.3.1.2. Energy Cost 

 

The energy cost is calculated by simply multiplying the value of the cost of the energy per KWh by the 

Energy used by each machine, as in Equation 2. 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝐾𝑊ℎ × 𝐸𝑢𝑠𝑒𝑑 

 

3.3.1.3. Labor Cost 

 

The labor costs for the Markforged mark II are calculated using Equation 3, in which the first term is the 

hourly cost of a worker to the company and the second term is the hours the workers spend with the 

production of one part, resulting in the cost of labor per unit. It will be considered both specialized and 

not specialized workers, so this equation needs to be calculated for each type of worker and the final 

value is the sum of the two. 

 

𝐶𝑙𝑎𝑏𝑜𝑟 =
𝑆𝑚𝑜𝑛𝑡ℎ×𝑁𝑠𝑎𝑙×𝐶𝑠𝑜𝑐 + 11×𝐴𝑙𝑢𝑛𝑐ℎ

𝑑𝑦𝑒𝑎𝑟×ℎ𝑑𝑎𝑦×𝑓𝑝

×ℎ𝑤𝑜𝑟𝑘 

 

Smonth is the salary of the worker per month and hwork is the time in hours spent by one worker to produce 

one piece (note that despite the time of production of one piece being more than11 hours, as the system 

is automatic, the workers are not 100% dedicated to the part the whole time), and both are different if 

the worker is specialized or not. Nsal is the number of salaries per year including vacations salaries. Csoc 

is the social contribution the company makes for each employee. dyear is the working days in a year. hday 

is the working hours per day. fp is a factor of productivity. Alunch is the lunch allowance. 

 

3.3.1.4. Finishing Cost 

 

After printing, the parts are not yet ready to be used, needing some post processing.  

In the case of the aluminum part, first it needs a rotary tool to remove shavings and excess material. 

Then the part is sanded to provide a smoother surface and prepare for painting. Later, the part is painted 

providing an extra protection and an improvement in aesthetics. Finally, is applied an UV coat for 

protection.  

In the case of the FRTP part, the post processing consists in removing the support material. Because 

this part is not prone to corrosion and the final color of the part can be determined by the material used 

in the printing process, for this part the preparation for painting and painting costs are not applied. 

Eq.2 

Eq.3 
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The costs for the FRTP part are calculated for each process, by dividing the cost of purchase of the tool 

by the number of parts that one tool can produce. 

 

𝐶𝑓𝑖𝑛𝑖𝑠ℎ𝑖𝑛𝑔 =
𝐶𝑟𝑜𝑡

𝑁𝑢𝑛𝑖𝑡𝑠

+
𝐶𝑠𝑎𝑛𝑑

𝑁𝑢𝑛𝑖𝑡𝑠

+
𝐶𝑈𝑉

𝑁𝑢𝑛𝑖𝑡𝑠

+
𝐶𝑝𝑎𝑖𝑛𝑡

𝑁𝑢𝑛𝑖𝑡𝑠

 

 

3.3.1.5. Use Phase 

This area consists on the impacts induced in the operation of the aircraft, specifically by higher or lower 

weight of the landing gear. 

The total weight of an aircraft is the sum of the fuel weight, payload weight (cargo, crew, equipment, 

passengers, and others) and the empty weight (structure of the aircraft): 

 

𝑊𝑇𝑂 = 𝑊𝑓𝑢𝑒𝑙 + 𝑊𝑃𝑎𝑦𝑙𝑜𝑎𝑑 + 𝑊𝑒𝑚𝑝𝑡𝑦 

 

The weight of an aircraft structure, including the landing gear, is very important to the overall weight. 

The process of designing an aircraft starts with the MTOW (Maximum Take-Off Weight) estimation [20]. 

This is an iterative process that starts with the empty weight and adds the payload, and then based also 

on other factors such as mission type, engine size and type, velocity, is calculated the fuel needed and 

consequently the fuel weight. Afterwards the structure weight needs to be revised, because if the fuel 

weight increases, the structure needs to be stronger, and consequently is heavier. At this time, if the 

aircraft is heavier, it will need more fuel, increasing the weight, and so on [20] [30]. This procedure is 

summarized in the diagram of Figure 13. 

 

This explanation point is to demonstrate that 1 Kg more in the landing gear translates in more than 1 Kg 

in the total aircraft weight, showing the importance of the landing gear weight in the final weight and 

consequently in the fuel consumption, impacting the costs and the environment. 

Eq.4 

Eq.5 

Empty Weight 
(Structure)

Payload

Fuel Weight

MTOW

Figure 13 - Diagram of Aircraft MTOW Design 
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In a normal scenario of an aircraft equipped with a combustion engine, the aircraft uses fuel during the 

flight, and consequently loses weight as the time of flight increases. This is taken in account when 

calculating the fuel weight [20]. However, in the case of UAVs, the tendency is to use electric motors 

[31]. As a result, the weight of the batteries that feed the engine remains the same throughout the whole 

flight. 

The maximum amount of energy an aircraft can consume is a function of how much thrust it needs over 

the distance it flies. 

𝐸 = 𝑇 . 𝑑 <=> 𝑑 =
𝐸

𝑇
 

The higher the lift to drag ratio, the more aerodynamically efficient the aircraft is. The amount of thrust 

we need is proportional to the lift to drag ratio. 

𝑊 = 𝐿 = 𝐷
𝐿

𝐷
= 𝑇

𝐿

𝐷
<=> 𝑇 = 𝑊

𝐷

𝐿
 

 

𝑅 =
𝐸

𝑊
𝐷
𝐿

 <=> 𝐸 = 𝑅. 𝑊.
𝐷

𝐿
 

So, the distance of flight is the range R, and it increases when the weight decrease, proving that weight 

reduction is essential to improve the range, or to decrease the energy consumption [31]. 

This type of propulsion is important to consider, because in one hand the impact in the environment is 

reduced in the use phase of the life cycle. But on the other hand, because of the excess weight, the 

energy consumption is superior. 

Because of the lack of available data, regarding the engine type, the fuel used, the mission of the aircraft, 

among others, it is very difficult to quantify the amount of fuel used because of the difference of weight 

between the aluminum part and the FRTP part. So, the costs related to the use phase are going to be 

evaluated only qualitatively, comparing the weight of both parts and assuming that the heavier one is 

going to have a higher impact in fuel costs. 

 

 

3.4. Life Cycle Assessment 

 

A life cycle assessment was made for this thesis case study using the software Simapro developed by 

Pré Sustainability. In Figure 15, is present the methodology of an LCA, that consists in four different 

phases. The LCA starts with the Goal and Scope definition, where it will be defined the context of the 

Eq.6 

Eq.7 

Eq.8 
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study. Inside the goal and scope phase are the technical details that will guide the other phases, such 

as the functional unit, the system boundaries and the assumptions and limitations. 

 

3.4.1. Goal and Scope Definition 

The goal and scope definition cover the context of the study and the reasons for carrying out the study. 

It also includes the system boundaries and the functional unit. The particular goal and scope will be 

shown in the case study. 

 

Functional Unit and Reference Flow 

The functional unit is a measure of the function of the studied system and it provides a reference to 

which the inputs and outputs can be related. In a comparative study such as this one, the functional unit 

has to be the same for all the compared products, enabling a fair comparison. 

The functional flow are the items necessary to fulfill the function 

System boundaries  

The system boundaries are the delimitations of which processes should be included in the analysis. 

Impact categories 

Depending on the method selected to calculate the environmental impact it can be a method focused 

on midpoint categories or endpoint categories. The endpoint results usually include the human health, 

ecosystem and resources categories. The midpoint results can include categories such as Climate 

change human health, ozone depletion, terrestrial acidification and others. 

The main difference between midpoint and endpoint methods is that the first one requires more 

knowledge to interpret and draw conclusions, while de endpoint methods are easier to interpret correctly. 

 

 

 

Figure 14 - LCA Methodology 
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4. Case Study 

In this case study it will be established a comparison between a leaf-type spring landing gear made from 

aluminum with a traditional subtractive technology, CNC Milling, and one made from nylon reinforced 

with fiberglass (FRTP) with AM FDM technology. Both parts will respect the same mechanical 

requirements and then a comparison is established in terms of Weight, Volume, Cost and Environmental 

impact. The original part design will be improved in order to achieve full potential of the AM technology, 

all alterations have to comply with the requisites established in the next point. The process behind the 

choice of part to analyze is shown here.  

 

4.1 Restrictions and requirements 

The first restriction is related to the equipment available to manufacture the AM part, the dimensions of 

the part should be within the printing area of the Markforged Mark II described in point 3.1.1. 

With the purpose of establishing a relevant comparison the chosen part should meet some 

requirements, such as: 

 The part should be a structural part, meaning that it should be a part essential to the aircraft operation 

and should support considerable loads. This is an important requirement because one of the FRTP 

main characteristics is to have high mechanical resistance, so it will enable the AM part to achieve 

its full capabilities. 

 The production scale should be small, as the rate of production of current state of the art technology 

in 3D printing is low. It is important to compare two parts that have similar production scale at the 

present time, despite what evolution will the AM technology experience. 

 The part should be customizable, this means it should be chosen a part whose design could be 

altered, to improve the part performance, appearance or cost even if for certain parts, it is very difficult 

to alter the design because of the adjacent parts, or because of the already simplified designs. 

 

4.1.1 Landing Gear types and characteristics 

The landing gear can be classified into Fixed and Retractable and the fixed landing gear category can 

be subdivided into 4 categories: 

 Rigid landing gear, in Figure 15, is a simpler type of gear that has appeared chronologically before 

the spring landing gear and equipped many of the early aircrafts. It basically is a rigid welded steel 

frame, that takes impact and do not provide any damping to the aircraft. The only damping is made 

by the tires in this type of landing gear [32]. 
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 Leaf-type spring gear, shown in Figure 16, is a component a bit more complex than the rigid landing 

gear and it equips many smaller aircrafts such as the broadly used Cessna airplanes. This type of 

landing gear consists on a strut that receives and dissipates the impact of the landing by transferring 

the impact forces to the airframe at a smaller rate than the Fixed Landing Gear. This dissipation of 

the impact forces is obtained because the part flexes when the forces are applied and then it returns 

to the original position. This type of landing gear is usually made of steel or aluminum, and 

sometimes is also made of composite materials that are light weight, more flexible and prevent 

corrosion [32]. 

 

 Bungee Cord is a type of landing gear that consists on positioning bungee cords, as the ones in 

Figure 17, between the rigid airframe structure and the flexing gear assembly. These cords absorb 

the loads and return it to the airplane as in the leaf-type spring gear, being the main difference that 

in this type it is not the metal part that flexes. The bungee cords are made of many individual strands 

of elastic rubber and must be inspected regularly because it can deteriorate over time [32].  

 

 

 

Figure 16 - Leaf-type spring gear examples 

Figure 15 - Rigid landing gear example 
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 Shock struts, as the example in Figure 18, nowadays is the more commonly used, equipping all 

kind of aircrafts, especially commercial airplanes. This type of landing gear uses hydraulic force to 

absorb the impact and dissipate the forces of the landing. They are the most complex type of 

landing gear, whether in functioning as in design and they must be inspected and serviced regularly 

to ensure proper operation [32]. 

 

Besides the type of landing gear, there are also different landing gear configurations, being the three 

main ones: Tail wheel, Tricycle and Tandem. The tandem is the less used and more complex. In the 

case study ahead, the part of the landing gear to be studied is present in the main gear of a Tail wheel 

or a Tricycle configuration. Both configurations are constituted by a main gear with two wheels, that 

touches the ground first and absorbs the impact, and a third wheel of support. The difference between 

the two is the location of the main gear being forward or backward of the center of gravity and the support 

wheel is in the back or front of the airplane respectively. 

Due to the restrictions of the available 3D printer dimensions, it is not possible to study a full-scale part 

that could be used on a passengers airplane. So, the part was down-scaled, maintaining the proportions 

and mechanical characteristics, with the possibility of being used in smaller aircraft like an Unmanned 

Aerial Vehicle (UAV), because leaf-type spring gear is commonly used in UAVs [33]. 

 

Figure 17 - Bungee Cord landing gear example 

Figure 18 - Shock struts landing gear example 
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So, of the four types of landing gear, the one more suitable for UAVs is the Leaf-Type Spring, mainly 

because of the following reasons: 

- Absence of passengers in the aircraft (comfort is neglectable) 

- Low weight of the aircraft  

- In the case of Leaf-Type spring there is only one part, removing the need for an assembly. 

 

In Figure 19 we can see one side of the main gear and the part of the landing gear that was selected is 

pointed at with a red arrow. 

 

So, after selecting the part to be analyzed in the case study, the leaf-type spring gear belonging to a 

small size UAV, it was decided that the UAV would have a Maximum Take Off Weight (MTOW) of 17.5 

Kg. In Figure 20 is one example of an UAV that uses this type of landing gear and is in this size range. 

 

Figure 19 - Leaf-type spring gear 

Figure 20 - Example of an UAV from UAV factory with a rear 
leaf-type spring gear [34] 
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The landing gear meant to be compared is expensive and not easy to obtain, so because of the difficulty 

to obtain an aluminum landing gear for testing, this part was designed with a 3D CAD software 

(Solidworks) and tested with a Finite Elements Method Software (Siemens NX), that usually obtains an 

approximation of the mechanical properties and behavior of the part formed by an isotropic metal with 

a relatively low error [33]. FEM is used by major established industries such as aerospace, automobile, 

electronics, among others to aid design and manufacturing [33] [35]. 

Using as reference for a hard landing an acceleration of 1.27g [36]. We can calculate the vertical 

landing force. The tire is a part of the landing system that also absorbs energy and decreases the 

stress inflicted on the landing gear leg. In order to decrease the complexity of the system in study, the 

tire effects are not considered. Usually a safety factor is considered when studying an aircraft 

structure, but because this is an unmanned aircraft and to compensate for the absence of the tire 

influence in the system, no safety factor is considered. 

𝐹 = 𝑚 [𝐾𝑔]×𝑎 [
𝑚

𝑠2
] = 𝑚×𝑔×1.27 = 17,5×9,81×1,27 = 218 𝑁 

Using Equation 9 we multiply the mass of the aircraft by the acceleration (a=9.81 m/s2). We are going 

to test only one side of the landing gear that is formed by 2 symmetric legs, assuming the plane touches 

the ground with both wheels ate the same time, we can divide this force by 2 and obtain a vertical landing 

force of 109N. 

 

4.2 Design Evolution 

As this work evolved it was perceptible that the design was one of the most important points in the 

process of making a 3D printed part. This is not only because of the changes in the original design to 

improve costs, performance or esthetics, but also the changes needed because of the machine and its 

software settings and capabilities. 

 

4.2.1 Design of the Aluminum part 

In this subchapter it is going to be shown the evolution of the part design starting from the design of 

Figure 19, that is the design of a Cessna’s landing gear. Then, by an iterative process the aluminum 

design was obtained. And from that, the design evolved to comply with AM FRTP. 

This evolution of the design is mainly based on 3 factors: part requirements, 3D printing machine 

restrictions and design improvement over original part. 

The initial aluminum design is a reproduction of the original part (Figure 19), iteratively designed and 

tested to withstand the vertical load caused by the landing of an aircraft with the pretended MTOW. 

The thesis goal is to achieve a similar part, that can replace the original steel or aluminum part, that 

matches its performance while trying to improve some characteristics such as weight, volume, cost. 

This evolution is important because not only shows the designs improvement over the original part that 

could be achieved because of AM technology, but also the shows the difficulties and drawbacks 

Eq.9 
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experienced because of the same technology and its lack of development, both from the printer and the 

printer software. 

Most of these difficulties and consequent alterations to the design were experienced by trial and error 

method, therefore the time expended in the design was more than it was first intended. This study 

objective is also to provide knowledge of the problems encountered and how they were solved to future 

users of this technology. 

In the aerospace industry the most predominant aluminum alloys are 2024-T3 and 7075-T6 [38][40]. For 

this case study the aluminum part is considered to be from 2024-T3 aluminum alloy, whose 

characteristics are present in Table 2 . 

 

Material E (GPa) 
 (Poisson 

ratio) 

Ultimate 

Tensile 

Strength (MPa) 

Tensile Yield 

Strength (Mpa) 
 (g/cm3) 

Aluminum 

2024 – T3 
72 0.33 469 324 2.78 

Table 2 - Aluminum 2024 properties [37] [38] 

 

The first design considered was the original design (Figure 19), it was replicated, and it is below in Figure 

21. To perform an analysis on Siemens NX, a 3D tetrahedral mesh with element size 2 mm was applied 

on the part. Loads and constraints were also applied to simulate the real functioning of the part. In Figure 

21 on the right side is the part subjected to the constraints (in blue, left corner) and forces (in red, right 

corner). The same distribution of constraints and loads will be respected later when the physical tests 

to the printed part are made. 

Figure 21 - First Design, Loads and Constraints 
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Analyzing Figure 22, we realize that the maximum Von Mises Stress is 318 Mpa (MegaPascal), very 

close to the yield stress of 324 MPa. This may indicate that the part is operating very close to its limit. 

This part has a constant width of 20mm and a thickness of 4mm. From the analysis was also possible 

to retrieve some other data: the mass is 46.4 grams, the volume is 16.692 cm3 and the surface area is 

10104 mm2. 

The main problem with this design after performing an analysis on NX is that the stresses it is subjected 

are very high. So, the next step is to try to improve this point and also try to reduce the weight and the 

width of the part, so it has the less amount of effect on the UAV aerodynamic stability. 

In the second design, in Figure 23, the measures are in mm and thickness was increased to 6mm and 

the width was reduced progressively from the aircraft link to the wheel link. As a consequence of this 

process it was impossible to maintain the four holes configuration in the wheel link, so it was reduced to 

only two bigger holes. 

Figure 23 - Second Design Dimensions 

Figure 22 - Von Mises Stress in First Design 
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In Figure 25, we can see that the maximum Von Mises Stress dropped from 318 MPa to 309 MPa, 

pulling this result away from the 324 MPa of the yield stress. The maximum displacement ,Figure 24,  is 

24.30 mm similar to other results of the literature [33] [38], where displacement is within a range of 

20mm and 30mm. As the height of the part measured in the same plane of the applied load, from the 

tip of the wheel link to the top of the aircraft link, is 120mm, if the value of the displacement is within the 

20 to 30 mm range it corresponds to 15% to 25 % of the height. So, the value of 24.30 mm obtained in 

the simulation seems acceptable. 

Figure 25 - Von Mises Stress on second design 

Figure 24 - Displacement of second design 
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So, with the second design it was achieved a better maximum stress and a better displacement. But, 

the main gains were in the volume, area and mass categories, as we can see in Table 3. This mass and 

volume improvement are very important to the aircraft operation. 

 

Part Properties First Design Second Design 

Volume 16.692 cm3 11.856 cm3 

Area 10104 mm2 7623 mm2 

Mass 46.4 g 32.96 g 

          Table 3 - Aluminum designs properties 

To validate the analysis data for the aluminum part it was made a convergence study. The element size 

of the mesh used in the simulation started at 10mm and was progressively reduced until 2mm, and we 

can see in Figure 26, that from 3mm the results of the maximum Von Mises Stress started to converge 

around an approximate value of 300 MPa, with a final value of 309.4MPa.  

 

This second design meets all the requirements established (Load, displacement, stresses) and also 

shows improvement in the part properties, so this is defined as the aluminum part design that will be 

used as base of comparison for the AM FRTP part. From now on, this second design will be referred to 

as Aluminum Design. 

Now that we have an Aluminum Design, the next step is to design and produce the Nylon and Fiberglass 

AM part. This aluminum design will be sliced and analyzed to verify if it is possible to produce the AM 

part base on it. 
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Figure 26 - Convergence Study for Second Design 



35 
 

4.2.2 Design for AM 

 

This aluminum design was sliced with Eiger software, the Markforged software, that allows the user to 

determine which layer is fiber and which is nylon. One of the main concerns was to have fiber around 

the holes because they withstand higher forces, so two layouts were considered, in Figure 27 and in 

Figure 28. 

 

The side layout, Figure 27, was initially rejected because, to have fiber around the holes, the amount of 

fiber used is excessive, covering almost all of the part. This was thought not to be cost effective and 

should make the part too stiff, not allowing the damping when landing. 

 

The base layout, Figure 28, seems to be the one that allows the most beneficial placement of the fibers, 

but one of the problems with this design is that the holes are too close to the edges, so the fiber cannot 

be placed between the hole and the edge of the part. 

Figure 27 - Second design in Eiger, side layout 

Figure 28 - Second design in Eiger, base layout 
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In Figure 29, we can see cross section of the middle part of the landing gear showing one layer of 

material. In this figure, the layer of material was chosen to be with fiber to demonstrate the different 

types of fiber layers that Eiger software allows. On the top left corner, we have a layer of isotropic fiber 

with orientation of 0º, on the top right corner is isotropic with 45º, and on the bottom left corner is isotropic 

with 90º. The image on the bottom right corner is a layer with concentric fiber with 6 rings. This variety 

of fiber types and orientation is helpful to the user of the software, because they provide different 

strengths and allow to personalize the part to behave like the user pretends.  

For example, if the user wants three layers of isotropic fiber in a row, they should have different 

orientations to provide higher strength. Another example is that if the user uses an isotropic fiber layer, 

the layer is almost completely filled with fiber, however if he uses concentric fiber layers he can choose 

the amount of fiber in each layer. 

 

To exploit all the advantages of the fiber placement, in Figure 30, the third design already has the hole 

located to the interior of the part in the aircraft link and in order to obtain more resistance the curvature 

of the edge was removed, not causing any aerodynamic problem because this section is inside the 

Figure 29 - Types of fiber layers in eiger 

Figure 30 - Third Design 
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fuselage. The two holes in the wheel link were reduced to only one hole because of the same reason, 

as they were too close to each other and to the edge it was not possible to place any fiber around them. 

Changing to only on hole, allowed the placement of fiber bellow and above the hole. This design was 

printed in Markforged but was too fragile in the links, breaking with hand force, so it was not tested in 

the laboratory. 

After this prototype, the main goal was to reinforce the aircraft and the wheel link, in order to sustain the 

loads without breaking, but allowing the center section of the part to bend, in order dissipate the landing 

forces. To help with this task, FEM simulations were made, but with aluminum. To be accurate the 

material should be a composite, but, as previously explained in chapter 3.1.3, the Finite Element Method 

is not able to analyze the FRTP part produced in the Markforged, so aluminum is used only to predict 

which zones of the part are more fragile and need to be redesigned and the approximate magnitude of 

the forces involved. 

In Figure 31, is the fourth design, the improvement made over the third is that only the aircraft and wheel 

link were improved, in thickness and in width of the wheel link.  

 

 

In Figure 32,we can see the placement of the fiber in yellow, mostly around the holes, but also in the 

center section of the part, some layers on the top and some on the bottom. The total amount of fiberglass 

used in this part was 4.65 cm3 and 32.58 cm3 of nylon. The fill type of the fiber was concentric with two 

rings. 

 

 

 

 

 

Figure 31 - Fourth design 
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This design was printed (Figure 33) and later was tested in a compression test to determine the loads 

that the part withstands with a displacement in the range of 20 to 30 mm.  

 

The test results are in the graphic of Figure 34, where we can see that the load at 30 mm of displacement 

was only 14 N, very far from the 109 N expected. 

 

 

Figure 34 - Graphic of compression test of fourth design 

Figure 33 - Fourth Design Printed 

Figure 32 - Fourth design, fiber placement 
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So, the part stiffness needed to increase. This can be made by two processes, the first one is to increase 

the amount of fiber and the other is to change the design by enlarging the dimensions of the part, 

focusing on essential spots. It was chosen to do both processes simultaneously because the results 

were far-off of the objective. 

 

So, two new designs were made, both are very similar apart from the aircraft link that is considerably 

thicker on the sixth design versus the fifth design. As we can see in Figure 35, one has 10mm thickness 

and the other 16.94mm.  

Another feature of this design is the small salience, in the corner that joins the aircraft link and the center 

section, with the objective of sustaining a higher load without the displacement exceed the 30mm. In 

terms of fiber quantity and location they are also very similar between them with around 5.46 cm3 of 

fiber, with an increase of almost 1cm3 over the previous design. 

 

In Figure 36, we can see both parts printed before the compression test. In the picture is perceptible the 

thickness difference between the two, the one on the top is the fifth design and the one on the bottom 

is the sixth design. 

 

Figure 35 - Fifth and Sixth Designs from left to right 

Figure 36 - Comparison between Fifth and Sixth printed parts 
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In Figure 37, specimen 1 corresponds to the fifth design and specimen 2 to the sixth. Despite the lower 

thickness the fifth design obtained the best result of the two, with about 60 N load for a range of 20 to 

30 mm. Observing the compression test as it was evolving, it was noticeable that the sixth design, 

because it was very reinforced in the aircraft link, was deforming almost only in the center section of the 

part, while the fifth design was deforming in the corner between the aircraft link and also in the center 

section. This may explain, why the fifth design achieved better results despite being considerably 

thinner. 

From the fourth to the fifth design the improvement was from 14 N to 60 N for the same displacement 

but is still far from the 109 N objective. From this point, the way that was chosen to improve stiffness 

was manipulation of the printing layout, the fiber layers location, quantity and type, maintaining the fifth 

design as a final design. 

 

 

Figure 37 - Graphics of Compression tests of fifth and sixth designs 
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So, in the new configuration the total amount of fiber was increased from 5.46 cm3 to 8.52 cm3. This 

was obtained by changing the layers in the critical areas from concentric fiber with two rings to 12 rings 

in one area and 8 rings in the other as seen in Figure 38. 

 

This big increase in fiber is translated in an estimated 22.25 USD and 50.09g compared to 17.67 USD 

and 45.12g, estimated by the Eiger software. Although the costs of increasing the fiber were relatively 

high the increase in strength of the part was not increased in the same proportion, only supported a load 

of 70N to a displacement of around 30mm (Figure 39). As the range of displacement projected is 

between 20 and 30 mm this new configuration only supports 10 N more than the previous. 

 

 

 

Figure 38 - Fiber concentric rings 

Figure 39 - Graphic of Seventh design test 



42 
 

As the part dimensions were already at its maximum size and adding more fiber would result in more 

weight and a more expensive part, it was decided to try a new printing layout, seen in Figure 40, rejected 

at first because of the holes strength. This layout used 9.40cm3 of fiber, distributed in concentric layers 

with two rings, and costed approximately 21.54 USD, and has a mass of 49.06g. 

 

 

As we can see from Figure 41 this part managed to sustain a load of 107N in the range of 20 to 30 mm 

of displacement. This is a result very close to the required of 109 N. 

 

 

In Figure 42, we can see the 8th and final design being tested. On the left the test is starting with 

displacement zero, and on the right the part is already near the maximum displacement. 

 

Figure 41 – Eight Design Compression Test Results 

 

Figure 40 - Eiger view of fiber distribution in eight design 
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A summary of the results is listed in Table 4. 

Design Mass  
(g) 

Fiber 
(cm3) 

Cost 
(USD) 

Max. Load 
(N) 

Displacement 
(mm) 

Printing 
time 

4 43.28 4.65 $13.86 14.83 31.86 8h48m 

5 45.12 5.46 $17.67 65.11 29.67 10h45m 

6 53.84 4.97 $18.24 60.23 18.36 11h32m 

7 50.09 8.52 $22.25 79.31 36.03 11h28m 

8 49.06 9.40 $21.54 107.21 25.13 11h30m 
           Table 4 - Prototypes results 

As the table shows, the quantity of glass fiber in the part had to be increased to sustain the loads, 

although this increase had to be coupled with a change in printing direction. It is interesting to see that 

the amount of nylon remains somewhat constant, meaning that the part is functioning as a true 

composite, with the fibers carrying most of the loads. 

The energy consumption was measured every time a prototype was printed in Markforged, a summary 

of all the printed designs consumption is present in Table 5. 

Design 4 5 6 7 8 

Energy consumption (KWh) 1.54 1.55 2.08 2.03 2.06 

Printing time 08h:48m 10h45m 11h:32m 11h:28m 11h:30m 

Average Power (W) 175 144 181 177 179 
Table 5 - Energy consumption of each design 

 

Figure 42 - Eight Design under compression test 
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4.3 Life Cycle Inventory 

 

This inventory is common to LCC and LCA, because most part of the data is needed to perform both 

analyses. 

Mass and Volume of Material 

The volumes of Nylon and Fiberglass used to produce the AM part are given by the Eiger software. 

Then the mass is calculated using the density of each material given by Markforged, 1.1 g/cm3 for Nylon 

and 1.5 g/cm3 for Fiberglass. 

The volume of aluminum required to produce the part, is the volume of a block of aluminum that has to 

have bigger dimension than the final part. And the mass of this block was calculated based on the 

density of aluminum 2024, that is 2.78g/cm3. 

 

Initial Nylon Fiberglass Aluminum 

Volume (cm3) 35.26 9.40 100.80 

Mass (g) 38.79 14.10 280.22 
     Table 6 - Initial quantities of material 

 

The volume of the final part was obtained in the software Siemens NX, that can calculate this property 

based on the CAD file. The mass of aluminum was calculated multiplying the volume by the density. 

The mass of the FRTP is obtained from the software Eiger.  

If we compare with Table 7,that displays the mass and volume of the final part obtained, the mass of 

the FRTP part is 49.06 which is different from the sum of the mass of nylon and fiberglass in Table 6, 

that is 52.89 grams. This difference is the amount of support material used, that is 3.83g.  

 

Final FRTP part Aluminum part 

Volume (cm3) 57.29 11.86 

Mass (g) 49.06 32.96 
            Table 7 - Quantities of material in the final part 

 

The volume of the FRTP part is bigger than the sum of the volumes of Nylon and Fiberglass used to 

produce it, in Table 6, that is because the final part is not solid, in other words it is not fully filled with 

material as the aluminum part is, so the final volume is bigger. 

Production data 

The production time is relative to one part produced. The value for the FRTP was measured when the 

part was produced, and for the aluminum part, it was estimated based on a simulation made with the 

software Mastercam. 
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The production energy is the energy consumption to produce on part. For the FRTP it was measured 

during production and for the aluminum part it was calculated based on the power of the machine 

(1.6KW) and the time of production. 

The mass of material recycled is considered to be the mass of the aluminum bar that was present before 

the milling, because it englobes the mass of the final part and the mass of the waste material, all 

considered to be recycled. For the FRTP it was considered to be disposed to a landfill, and the support 

material was in so low quantity that the savings were negligible, so it is not considered for recycling. 

 

 FRTP part Aluminum part 

Production Time (h) 11.5 1 

Production Energy (KWh) 2.06 1.6 

Mass of material recycled (g) 0 280.22 

Energy for recycling (KWh/Kg) 0 2.8 
            Table 8 - Production data 

Use phase 

This data refers to the flight of the airplane. The weight had to be estimated from the original weight of 

the part to the weight the part would have, proportionally to the total weight of the aircraft, if it equipped 

the Fokker100 airplane, this simplification is explained ahead in point 4.5. 

 

 FRTP part Aluminum part 

Weight (g) 49.06 32.96 

Weight estimated (Kg) 120.8 81.2 

Distance traveled (Km) 50 000 50 000 
            Table 9 - Use phase data 

 

4.4 Life Cycle Costing 

In this assessment it is used a “cradle to gate” approach, that is defined as an assessment of a partial 

product life cycle from resource extraction to the factory gate. Because of the lack of data, it was 

excluded from the model the use phase and the disposal phase. So, it was determined the unitary cost 

of a FRTP and an Aluminum part. 

4.4.1 Material acquisition 

Aluminum 2024 price of an aluminum bar with the dimensions similar to the block needed to produce 

one part, and a total of 114 cm3 is 15.43 USD. From here is calculated the price per volume, and it is 

0.115 €/cm3 [39], considering the exchange rate from USD to € to be 0.85. 

The nylon and the Fiberglas are sold in spools, the nylon spool costs 182€ and as a volume of 800 cm3; 

the fiberglass spool costs 242€ and has a volume of 150 cm3. The values of cost and volume for the 

respective materials are from Markforged authorized reseller in Portugal (Table 10).  
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 Nylon Fiberglass 

Material Cost (€/cm3) 0.228 1.613 

Volume in cm3 35.26 9.40 

Table 10 - Raw Material Cost 

 

The cost of the material per part, of FRTP, is calculated by multiplying the material cost per cm3 by the 

volume for each material present on the part. The cost of the aluminum part is the cost of the block of 

aluminum from which the part will be obtained by machining. 

𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝐶 (
€

𝑐𝑚3
) ×𝑉 (𝑐𝑚3) 

𝐶𝐹𝑅𝑇𝑃 = 𝐶𝑁𝑦𝑙𝑜𝑛×𝑉𝑁𝑦𝑙𝑜𝑛 + 𝐶𝑓𝑖𝑏𝑒𝑟×𝑉𝑓𝑖𝑏𝑒𝑟 = 23.20 €/𝑢𝑛𝑖𝑡  

    Caluminum = Caluminum×Valuminum = 11.6 €/unit 

 

4.4.2 Production 

 

4.4.2.1 Machine Cost 

 

The machine costs of the Markforged Mark II are calculated from Equation1. The opportunity cost, i, 

was considered to be 10%, the depreciation time in years, n, for this case it was considered a period of 

5 years because this technology is evolving significantly fast, outdating the existing technology and it 

was considered the productive hours to be 8. But, if the process runs without any problem, the machine 

can be printing for example during the night. If well planned, and not taking in account the time the 

machine is inactive for maintenance, it could be working almost 24 hours a day. Further ahead the 

variation of the equipment cost for different productive hours is presented. 

The production time of one unit is retrieved from Table 8. 

Considering Equation1, previously presented in chapter 3.4, and the values of Table 11, the cost of 

equipment per unit produced is calculated. 

 

Caq.eq (€) i  N (years) dyear (days) hday (hours) hunit (hour) 

14 326.6 0.1 5 230 8 11.5 

Table 11 - Data to calculate AM machine cost 

 

𝐶𝐴𝑀 𝑒𝑞 = 2.05398 €/ℎ𝑜𝑢𝑟 =23.62 €/unit 
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The cost of the CNC Milling machine is considered to be 15 €/hour, the cutting tools have a cost of 0.25 

€/hour and the cutting fluid price is 0.01 €/hour. In the case study will be determined the time needed to 

produce one part and consequently the cost per part. These values were obtained from pre-existing 

analysis on CNC milling. 

So, the cost of the CNC Milling machine is 15.26 €/hour, from chapter 3.4, and considering the 

production time of 1 part to be 1 hour from Table 8, the cost per part is: 

𝐶𝐶𝑁𝐶 𝑒𝑞 = 15.26 €/ℎ𝑜𝑢𝑟 =15.26 €/unit 

 

4.4.2.2 Energy Cost 

 

The cost of 1 KWh of energy (CKWh) is considered to be 0.10€ and the energy used to produce one part 

( Eused) is retrieved from Table 8, below is the calculation of the energy cost per unit for AM and for CNC. 

𝐶𝐴𝑀 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝐾𝑊ℎ × 𝐸𝑢𝑠𝑒𝑑 = 0.206 €/𝑢𝑛𝑖𝑡 

𝐶𝐶𝑁𝐶 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝐾𝑊ℎ × 𝐸𝑢𝑠𝑒𝑑 = 0.16 €/𝑢𝑛𝑖𝑡 

 

4.4.2.3 Labor Cost 

 

Smonth (€) 

Nsal Csoc dyear hday fp Alunch 

hwork 

Worker Specialized Worker Specialized 

550 1000 14 1.23 230 8 0.9 100 1 0.2 

      Table 12 - Labor costs data 

The labor costs for AM are calculated based on Equation 3, Table 12 and Table 8: 

 

𝐶𝐴𝑀 𝑙𝑎𝑏𝑜𝑢𝑟 = 2.21256 + 6.38345 = 8.6 €/𝑢𝑛𝑖𝑡 

 

The labor costs for the CNC Milling machine were previously calculated and are only dependent of the 

production time, they are assumed to be 10€/hour. Multiplying the cost per hour by the production time 

of one part gives the cost per part: 

𝐶𝐶𝑁𝐶 𝑙𝑎𝑏𝑜𝑢𝑟 = 10 €/𝑢𝑛𝑖𝑡 
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4.4.2.4 Finishing Cost 

 

 Cost (€) Number of 

Units 

Aluminum 

€/unit 

FRTP   

€/unit 

Rotary Tool 30 1000 0.03 0 

Sanders 10 100 0.1 0.1 

UV coating 20 20 1 0 

Paint 5 8 0.625 0 

Cfinishing (€/unit)  1.755 0.1 

          Table 13 - Finishing Costs 

As mentioned before, the finishing costs for the FRTP (nylon + fiberglass) part are considerably less 

than for the aluminum part, because the only procedure is to remove the support material and sand 

those surfaces. 

 

4.4.3 Non-dedicated Equipment 

For the equipment cost calculation, it was considered that the machine was not-dedicated, meaning that 

the landing gear is not the only part it produces. So, as we can see from Equation 3, the annual 

productive hours for this part are considered in the calculations. 

In the point 4.4.2.1, the cost of the equipment per unit was determined considering that the equipment 

was working 8 hours a day. The value of 8 hours is an estimation based on the normal working hours 

of a company, but because the presence of a worked is not necessary during the total amount of the 

printing time, as mentioned before, the machine can work up to almost 24 hours.  

The best example to demonstrate this is the printing time of the landing gear that is more than 11 hours. 

In the day chosen to print the landing gear the machine is working more than 8 hours. However, it may 

not have to produce parts every day, so an estimation had to be made. 

A study of impact in the costs of the variation of the work hours per day was made. This analysis was 

made based on Equation 3, using the same data as before but varying the hours of work per day and is 

visible in Figure 43. 

The costs per unit drop considerable by increasing the work hours, for example from 8 h to 12h the cost 

decreases from 55.72 €/unit to 47.85 €/unit. From 12 hours on, the costs continue decreasing achieving 

a value of 39.98 €/unit if the machine worked permanently, 24 hours a day. 
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4.4.4 Dedicated Equipment 

To present an alternative to the previous calculations, in this point is assumed that the equipment is 

dedicated, this means that it only produces this part. 

The Equation11, used to perform this analysis, is a variation of Equation1 where the productive hours 

are not considered, instead is considered the number of parts produced per year (Nparts).  

 

𝐶𝑒𝑞 =
𝐶𝑎𝑞.𝑒𝑞

𝑁𝑝𝑎𝑟𝑡𝑠
 × [

𝑖 × (1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
] 

 

 

As we can see in Figure 44, if the production rate is low, for example for 100 units per year the cost per 

unit is 69.90 €. But as the number of parts is increased, the cost decreases. 

Comparing to the non-dedicated analysis made before, this means that 100 units per year are not 

enough to compensate the equipment being dedicated. The amount of parts needed to be produced per 

year to match the unit cost of the non-dedicated equipment, working 8 hours a day, is 160 parts with a 

cost of 55.72 €/part. 

It was considered, because one part takes 11.5 hours to produce and the year has 230 days of work, 

that with a dedicated machine if the production size is more than 200 parts per year it should be 

Eq.11 
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Figure 43 - Cost of one part vs hours of work per day 
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necessary an extra worker. So, in the graphic of Figure 44 it is possible to see that the costs drop until 

200 parts produced, but after that the cost of the extra worker is considered. 

After analyzing the dedicated and non-dedicated graphics it is possible to infer that the non-dedicated 

equipment may be a better approach. This is because that for 12 hours of work per day, in the non-

dedicated equipment, there would be no need for the extra worker cost and the cost of one part could 

be 47.85. However, with the dedicated equipment, the only way to achieve a similar value of 47.94 € is 

to increase the production size to 400 parts per year. 
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4.5 Life Cycle Assessment 

 

2.1.1. Goal and Scope Definition 

The goal of the study is to assess the environmental impact of the production of two components with 

the same function and similar characteristics but produced in two different materials each using a 

different production process. The component is a leaf-type spring gear that is produced in FRTP (nylon 

and fiberglass) by FDM and is going to be compared to another one produced in Aluminum by CNC 

Milling. The results of this assessment are for the academic purpose of this master thesis. 

 

Functional Unit and Reference Flow 

For this study the functional unit was defined as one part (leaf-type spring gear) produced. 

In the case study, the reference flow are 500 parts. This number is, as used before in the LCC, obtained 

by considering a low-scale production of 100 parts a year for a period of 5 years. 

 

System boundaries and Flowchart 

In the case study it is used a “cradle to grave” approach, that is defined as an assessment from the 

resource extraction to the disposal phase. This approach was considered rather than the cradle to gate 

approach, because the component analyzed in the case study is part of an aircraft, thus it is important 

to consider the use phase of this component because it may have implications in the energy (fuel 

consumption) used by the aircraft as a result of the component final weight. 

In Figure 45 and in Figure 46, are present the flowcharts for the AM process and for the CNC Machining 

process respectively. 

The AM process considers the raw materials that are present in the final part and the energy used for 

this production process to take place. The post-processing is considered to be included in the general 

AM process, so no energy is considered in this section. Then, in the Use phase, is considered the fuel 

needed to transport the correspondent to the part weight for the expected distance that the aircraft will 

Figure 45 - AM process life-cycle flowchart 
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fly during the 5 years. Finally, the last phase is the disposal of the part in the end of life into a municipal 

landfill. 

The CNC Machining process is similar to the AM process until the use phase, but the big difference 

consists in the waste material resulting from the machining and the material from the final part are 

considered to be recyclable. Some energy is used in the recycling process. 

 

Impact categories 

The method used in this assessment was the Recipe Midpoint/Endpoint (H), and both midpoint and 

endpoint categories were used. The midpoint approach is a more thorough and specific analysis 

comparing with the endpoint approach but has the disadvantage of being harder to interpret and retrieve 

conclusions, so both were used to provide a more complete study. 

Assumptions and Limitations 

The first assumption is that the suppliers of both aluminum, fiberglass and nylon would be within a range 

of 100 Kilometers of the production facilities, so the transport of the raw materials used to produce the 

parts is considered to be 100 Km. 

To measure the impact that the weight of the part has in the fuel consumption of the aircraft it will equip 

over the period of use, it is considered that the part has a life of 5 years and that the aircraft flies 10 000 

Km per year. In the case study ahead, the part will equip an UAV with an MTOW of 17.5 Kg, but in the 

software used to make the LCA analysis, the smallest airplane available in the database is a Fokker100 

with an MTOW of 43 090 Kg. In this step, as the impact is measured qualitatively and as a comparison, 

the assumption made was to calculate the weight of the landing gear if it would equip the Fokker100 

using, for the example of the aluminum part, the following relation: 

 

                                                            𝑥 =
32.96×43090

17.5
= 81.2 𝐾𝑔 

 

Figure 46 - CNC Machining life-cycle flowchart 

32.96 g x 

17.5 Kg 43090 Kg 



53 
 

Fiber reinforced thermoplastics recycling is not yet a common practice. Usually these materials are 

disposed into landfills. Although many studies regarding the recycling of FRTP have been made, 

currently it is not economically attractive to opt for this process. However, environmental legislation is 

becoming more restrictive over the time, so, the recycling of these composites may become a reality in 

the future. In this case study, it is considered that the FRTP landing gear is disposed into a municipal 

landfill. 

The method of disposal chosen for the Aluminum part, in this case study, is recycling. Recycling is 

considered not only for the aluminum landing gear, but also for the aluminum scraps originated from the 

CNC Milling, resulting in a 100% rate of recycling of the original material. In this process it is considered 

the amount of energy used in the recycling. 

 

Mid-point analysis 

In the graphic of Figure 47, it is present a normalization of the midpoint categories results. It is possible 

to understand that the AM FDM procedure have a lower impact on the environment than the CNC Milling 

in every single category.  

 

Figure 47 - Mid-point analysis normalization 
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Endpoint Analysis 

In Figure 48 is present a single score impact assessment that compares the production of the leaf-type 

spring gear by CNC Milling and AM FDM. The results give the cumulative environmental impact for the 

two different processes, considering that each uses a different material, aluminum and FRTP. These 

results include three categories: human health, ecosystems and resources. 

 

 

From the graphic it is perceptible that, for this case study, CNC Milling has a much higher cumulative 

impact than AM FDM.  

In Figure 49 is presented the weighting of the three categories. It is perceptible that human health is 

where the process has the biggest difference between AM and CNC, followed by the ecosystems and 

then by the resources.  

Analyzing Figure 50, the raw material is the phase that impacts more the environment, this is because 

in the production of the aluminum part the amount of material used is significantly more than the amount 

of material used in the FRTP part. As explained before, this occurs because the CNC Milling process 

requires a block of aluminum in the start of the production from which the material is removed to obtain 

the final part. 

 

Figure 48 - Cumulative environmental impact of CNC vs AM 
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As for the Use phase and the Recycling/Disposal phase the FRTP part has a higher impact. In the use 

phase, that in reality is the impact that the weight of the part has on the flight of the aircraft over its life 

period, as the FRTP is heavier, the impact is bigger than the impact of the aluminum part. As mentioned 

before, the FRTP is considered to be disposed of in a landfill, having a larger impact to the environment 

than the aluminum part that is recycled.
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Figure 50 - Qualitative impact of the phases considered in the LCA for both processes 

Figure 49 - Damage Assessment results 
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5 Results/Discussion 

5.1. Mechanical 

 

 Aluminum 2024 - CNC Nylon + Fiberglass - FDM 

Load Sustained (N) 109 107 

Displacement (mm) 24.3 25.13 

Volume (cm3) 11.86 57.29 

Mass (g) 32.96 49.06 
       Table 14 - Mechanical Results CNC vs FDM 

 

In Table 14 is presented a summary of the mechanical results obtained that are relevant for our study. 

As mentioned before, the objective was to have one part of aluminum and one of FRTP that could 

sustain the same load exhibiting a similar displacement. As we can see the loads applied are very similar 

and the displacement is also within the same range of values. Using Equation 12, we obtained a relative 

error of 1.83% for the load and 0.03% for the displacement, so these values are a good match. 

 

𝑒 = |
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑡𝑒ó𝑟𝑖𝑐𝑜

𝑡𝑒ó𝑟𝑖𝑐𝑜
| ×100 

 

Thus, after establishing that both parts have the same performance, is time to compare the effects it 

had on the volume and mass of the FRTP material. 

The volume of the FRTP part is 4.83 times higher than the reference value of the aluminum part and the 

mass of the FRTP part is 1.49 times higher than the value of the aluminum part. Both of these results 

are very important for the aircraft performance, the weight affects fuel consumption and the volume 

affects aerodynamics and consequently the fuel consumption as well. Summing up, the aluminum part 

produced by CNC Milling, to achieve the same mechanical characteristics as the FRTP part produced 

by FDM, has a more negative impact on the aircraft performance. 

 

5.2. LCC 

In Table 15, all the costs of material acquisition, machines acquisition and production of both parts are 

summarized, and the total cost is calculated. Is important to refer that these costs only consider the 

production phase. The costs of the use phase (aircraft fuel consumption) and the costs of recycling are 

not considered in this analysis. 

 

 

Eq.12 
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 Aluminum 2024 -CNC Nylon + Fiberglass - FDM 

Material (€/unit) 11.6 23.19 

Machine (€/unit) 15.26 23.62 

Energy Consumption (€/unit) 0.16 0.21 

Labor (€/unit) 10 8.60 

Finishing (€/unit) 1.76 0.1 

Total (€/unit) 38.78 55.72 
Table 15 - FDM production costs summary 

 

From the total, we can reckon that the FRTP part is 43.7% more expensive to produce (16.95 € more 

expensive per part) than the aluminum part. This result demonstrates that, for this specific component 

produced with these materials, CNC Machining is the less expensive technology of the two. 

In the analysis made in point 4.4.3, the number of hours that the FDM machine (Markforged Mark II) 

was functioning per day was increased, and from that we could see that if the machine worked 12 hours 

a day, the cost of the part could decrease to 47.85€. This difference in cost could approximate the total 

cost of production of the part, but even like this, the CNC milling would still be less expensive.  

It was also analyzed the dedicated equipment approach, but the results were not as good as the non-

dedicated, mainly because it adds an extra work cost to the total, as we can see in point 4.4.4. 

So, the final cost of the FRTP part can be higher or lower by varying the cost of the equipment and the 

labor cost, maintaining the other categories constant. For example, the big gap in the material price 

category can not be changed and it is very important for the final cost of the part. 

 

5.3. LCA 

From the graphics presented before, in Figure 47, Figure 48 ,Figure 49 and Figure 50, it is possible to 

extract as a result that this component, the leaf-type spring gear of an UAV, produced in aluminum by 

CNC milling has a significantly higher environmental impact than the same component produced in 

FRTP by FDM.  

One factor that contributes largely for this result is the fact that the ratio between the amount of raw 

material needed to produce the component and the amount of material present in the component after 

production, is much higher for CNC milling. In practical terms this translate into more material that has 

to be extracted, more material that has to be transported to the production site and more waste material 

that will be recycled.  

Considering the use phase, that is the influence the weight of the part has on its end use, the flight of 

the aircraft, the aluminum part has a lower weight, so less impact on the fuel consumption and the 

pollution. 

Despite the use phase, and the fact that the FRTP part is considered to be disposed of, compared to 

the aluminum part and waste material that are recycled, the FRTP still have a significantly lower impact 

on the environment. 
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6. Conclusions 

 

From the results it is not possible to determine which technology performed better in this case study. 

On one hand, the component produced in aluminum by CNC Milling is better comparing the mass and 

volume of the part and has significantly lower production costs. On the other hand, the environmental 

impact is remarkably lower for the FRTP part produced by FDM.  

Despite the contrasting results it is possible to make some conclusions. 

In first place, it is important to emphasize that CNC milling is a technology that is already well developed 

and has its place in the industry for a long time, while Fused Deposition Modeling, with fiber reinforced 

thermoplastics, is still a relatively new technology with a large amount of improvements to be made, so 

this big gap that exists, in terms of production costs, can be reduced. The main parcels of the cost where 

FDM is more expensive is in the material acquisition and machine costs, and both of these costs can 

be reduced if AM gets more popular and starts to gain market share. This will increase the number of 

machines available in the market, the number of suppliers of materials and consequently dropping the 

prices of the equipment and the materials used.  

In terms of the part volume and mass, the FRTP part sustained the same loads as the aluminum part, 

displaying the same range of displacement. The only drawback was that the FRTP part, presented a 

higher mass and volume. This point could be improved by two ways: changing the materials used or 

improving the design. In terms of materials, with this particular machine, the Markforged Mark II, one 

way of maintaining the same behavior of the part and reducing the mass and volume could be by using 

carbon fiber instead of fiberglass. The use of this fiber would increase the material cost, so, it may not 

be the best solution as the FRTP part is already more expensive than the aluminum part. In terms of 

design, with the right expertise and resources, a better design could be generated in order to better 

exploit the capabilities of the FRTP and AM. 

Since the design topic was brought up, design flexibility was one of the general advantages of AM 

technology, but it is important to mention that for this particular production method and machine (FDM 

and Markforged) the design has large number of restrictions. As an example of some restrictions are 

the printer dimensions; the printer software, that has limited ways of placing the fibers, since each layer 

has to be of only one material, sometimes fiber is needed in one section of the part but is not in another 

section and both are in the same layer, leading sometimes to the use of more fiber than needed; and 

the validation of results, because nowadays it is common in industry to develop a product and evolving 

its design before production, resorting to FEM software or other numerical methods, but for FRTP 

deposited by Markforfed way there are not yet numerical methods able to predict the behavior of the 

part, so the process of design has to be made by iterations, producing and testing prototypes. 

Regarding the production size or scale, it is assumed from the start that AM is only viable for a small 

number of parts, and in this case study, it is shown that even if the production scale is increased the 

cost of the part is higher for the FRTP part. The main element holding back the production size is the 

production time of the part, that is much higher than CNC machining, but with the improvement of the 
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FDM machines it may be possible to increase the production size and consequently reduce the 

production costs. 

Environmentally, the more efficient of both processes, with a big difference, is FDM. This result is largely 

because FDM, being an additive process, only consumes the amount of material that forms the final 

part, while CNC milling requires a block of material from where the part is sculpted. So, even though 

FRTP part has more mass and more volume than the aluminum part, the aluminum part, in total, uses 

much more material causing a higher impact on the environment. 

Environmental awareness is becoming a significant factor for companies, governments and the public 

in general when making decisions. Besides the increasingly restrictive laws on this subject, a fair amount 

of companies also want to transmit to the public the image that they care about the environment and 

their products are sustainable. This factor amplifies the value of the environmental results of the case 

study, even though the costs were almost always the more important factor in product development. 

Furthermore, with the development of the technology around FDM with FRTP almost all the causes for 

the inflated production costs, such as production times or machine software restrictions, can have their 

impact diminished. 

In conclusion, parts of Nylon reinforced with Fiberglass produced with Fused Deposition Modeling are 

not an alternative to aluminum parts made by CNC milling, mainly because of the costs involved and 

the software and machine limitations that do not allow for the design to be improved in detail for AM. 

However, mainly because of its lower environmental impact and the room for improvement, it is expected 

for it to become an alternative over traditional production methods in the near future, when considering 

small production batches, of geometrically complex parts. 

 

For future related work it is proposed to: 

 Remake the case study using a nylon and carbon fiber part instead of a nylon and fiberglass 

part; 

 Development of an aluminum prototype in a CNC milling machine to obtain more accurate data 

for comparison; 
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8. Appendixes 

 

Appendix A – Dimensions of the second design (Aluminum part) 
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Appendix B   - Dimensions of the eight design (Nylon and Fiberglass part)



67 
 

Appendix C - Fiber distribution from Eiger software of FRTP part 

This appendix shows the view of the eight and final design in Eiger software. It is perceptible that the fibers are in the center section with the yellow color. The 

software predicts the production time, the amount of material used , the material cost and the final mass of the part.
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Appendix D – Final design after printing 

This image is a picture of the nylon and fiberglass part right after printing. It is noticeable the support material, growing from the bottom left side to the top right 

side, that was used to enable the printing of the part. 


