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Abstract 

 

Additive manufacturing has grown a lot in the last few years. Its initial function of rapid prototyping and 

accelerating product development is still its main function, but it has also started to evolve into the 

manufacturing of end use products. Due to their characteristics, AM processes seem to have their 

space in the market on the production of small series and customized products. 

This thesis addresses the development of a non-metallic, customizable lock produced by AM, for a 

window developed by a Boavista Windows, considering the costs and environmental impact of its 

production. The 3D printer used was Mark Two from Markforged, which is the only commercially 

available printer capable of reinforcing its parts with continuous fibre. 

The methodology of product design and development was applied, with the establishment of needs 

and specifications which led to the generation and selection of concepts. Prototypes of the most 

promising concepts were produced and tested to establish final specifications. 

With the measurements of material and energy taken from the production of the prototypes, a cost 

model was developed to calculate the unitary cost of the lock, with some alternative options presented 

as well as sensitivity analyses. 

By last, applying the methodology of Life Cycle Assessment (LCA) and using LCA software SimaPro, 

an environmental impact analysis was carried to the production process, comparing to the more 

traditional method of injection moulding,  

 

Key-words: Additive Manufacturing (AM); Fibre Reinforcement; Customizable Lock; Product 

Development; Production Costs; Life Cycle Assessment (LCA). 
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Resumo 

O fabrico aditivo (AM – Additive Manufacturing) tem crescido muito nos últimos anos. A sua inicial 

função de prototipagem rápida e aceleramento do processo de desenvolvimento de produto é ainda a 

sua principal função, embora existam desenvolvimentos no sentido de usar estas técnicas para o 

fabrico de produtos de utilização final. Devido às suas características, os processos de fabrico aditivo 

parecem ter o seu espaço no mercado em especial na produção de pequenas séries e produtos 

personalizados. 

Esta tese aborda o desenvolvimento de um fecho não metálico e personalizável, feito por fabrico 

aditivo, para uma janela desenvolvida por uma empresa, tendo em consideração os custos e impacto 

ambiental da sua produção. A impressora 3D utilizada foi a Mark Two da Markforged, que tem a 

particularidade de ser ainda a única disponível comercialmente, capaz de reforçar as suas peças com 

fibra contínua.  

A metodologia de desenvolvimento de produto foi aplicada com estabelecimento de necessidades e 

especificações que levaram à geração e seleção de conceitos. Protótipos dos conceitos mais 

promissores foram produzidos e testados para estabelecer as especificações finais. 

Com as medidas de material e energia da produção dos protótipos foi desenvolvido um modelo de 

custos para calcular o custo unitário do fecho, com alguma opções alternativas apresentadas e 

análises de sensibilidade. 

Por fim, recorrendo à metodologia de avaliação do ciclo de vida e do software SimaPro, foi também 

feita uma análise ao impacto ambiental do processo de produção em comparação com o método mais 

tradicional de moldagem por injeção. 

 

Palavras-chave: Fabrico aditivo (AM); reforço com fibra; fecho personalizável; desenvolvimento de 

produto; custos de produção, avaliação do ciclo de vida (LCA). 
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1. Introduction 

The Additive Manufacturing (AM) industry has been and still is growing. As companies look to 

modernize and become more competitive they look to the advantages AM can bring such as design 

flexibility and quick time to produce parts directly from CAD data. The initial and most common area 

for AM is still prototyping and accelerating the process of product development. However, it has 

already started to be used for end use products [1]. This has been especially prominent in the 

aerospace and medical fields, due to the possibility to produce complex geometries, simplifying 

assemblies and to the relative low cost of “one-off” customized parts [2]. 

Composite materials in AM are still underdeveloped compared to metals. Materials with short/chopped 

fibres are used, but are far from the advantages presented by traditional composites in terms of 

mechanical properties. Research in ongoing however, on AM processes with continuous fibre 

reinforcement. The 3D printer used in this work is the first (and so far only) commercially available 

printer capable of reinforcing parts with continuous fibre. The process used by this machine is Fused 

Deposition Modelling (FDM) [3]. 

In collaboration with Boavista Windows, an opportunity was identified to produce an end use product 

by AM, taking advantage of the cost effectiveness for small batches of production as well as the 

design flexibility which offers great potential for customization. The product is a non-metallic lock 

intended for a new window designed by Boavista. Relatively small orders are expected and 

customization offers great added value to this product. 

The goal of this work is therefore to develop a concept for this product and assess its economic and 

environmental sustainability. Furthermore is assessed the need to reinforce parts with continuous fibre 

and a comparison is made with the more traditional injection moulding in terms of costs and 

environmental impact. 

The methodology of product development was applied, including the establishment of customer needs 

and specifications. Two concepts (10 and 12) were selected and prototypes were built and tested for 

the setting of final specifications. A part was reinforced locally with continuous fibre to comply with a 

loading case from a specification. During the process of product development, the house of quality 

method was also used, allowing a general view of concentrated information in any phase. 

The measures taken from the production of the prototypes were used in the economical and 

environmental analyses. A cost model was developed and a value for unitary cost was calculated, 

which was a specification. Sensitivity analyses were performed to characteristics of the process, as 

well as a comparison with injection moulding and additional AM options were considered.  

From this process, concept 12 arose as the best option, since it complied with all the specifications, 

while presenting a smaller volume and lower unitary cost. An illustration of concept 12 is presented 

below in Figure 1.1. In terms of cost, for the considered production the cost of production in the Mark 
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Two printer was slightly below injection moulding, albeit very close. Although other options studied 

within AM presented lower production costs. 

 

 

 

 

 

 

 

An environmental impact analysis was also performed, using the LCA methodology and Simapro 8 

software. The analysis was made as a comparative analysis, considering the same AM and injection 

moulding options discussed in the economic analysis. The pattern in the environmental analysis was 

the same as in the economic analysis with injection moulding presenting a high initial impact, which 

does not allow it to be advantageous for the considered production volume. 

Finally conclusions were presented as well as propositions for future work. 

  

Figure 1.1- Concept 12: A) lock closed; B) lock opened 

A B 
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2. State of the art 

2.1. Additive manufacturing 

According to ASTM, additive manufacturing is the process of joining materials to make objects from 

3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, 

such as traditional machining [4]. It is also commonly called rapid prototyping or 3D printing, among 

other names. 

The general process involves the creation of a 3D computer aided design (CAD), which is then 

converted into a Stereolithography file (STL), slicing the geometry in many layers [5]. This file is 

transferred to the machine, and parameters like the orientation, positioning or layer thickness are 

determined. The machine prints/builds the part and it is removed from the machine. Afterwards it may 

need some post-processing such as removal of supports, sanding or painting. 

2.1.1. Brief history of AM 

Hideo Kodama, of Nagoya Municipal Industrial research Institute created the first 3D printing process, 

with 3 techniques for creating three-dimensional objects using controlled UV light exposure on a 

photo-hardening polymer. However, the patent he applied for expired without proceeding to the 

examination stage. 

The first patent for Stereolithography was granted in 1986 to Charles Hull, who founded 3D systems. A 

year later they released the first commercially available AM system, the SLA-1. A main contribution of 

Charles and his team’s work was the creation of the STL file format, still used today [6].  In 1988 a new 

patent was presented by Carl Deckard for another AM technology, selective laser sintering (SLS) 

commercialized by DTM which was later bought by 3D Systems. In 1991, three more AM technologies 

were commercialized, including fused deposition modelling (FDM) from Stratasys, solid ground curing 

(SGC) from Cubital, and laminated object manufacturing (LOM) from Helisys [7]. 

In Europe, EOS GmbH was founded and created the first EOS “Stereos” system for industrial 

prototyping and production applications of 3D printing. During the 1990’s, more 3D printer 

manufacturers emerged, along with new techniques and development of CAD tools. In 2000, MCP 

technologies introduced Selective laser melting (SLM). 

In 2005 Z Corp launched the first high definition colour 3D printer. Also, AM patents were starting to 

expire and the work started on the RepRap project, aimed at creating a low cost 3D printer capable of 

replicating itself (Figure 2.1). This open source project led to the spreading of the desktop FDM 3D 

printers and to the popularity of the technology in the makers’ community. 

2009 was the year in which the FDM patents fell into the public domain, opening the way to a wave of 

innovation in FDM 3D printers, a drop in prices and increased visibility due to being more accessible. 
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[8] 

 

 

It’s worth noting that although much new innovation is happening, the expiration of patents has been 

and still is a major driver in the industry. Technologies become more accessible and as a result, new 

markets, techniques, tools and applications are emerging. Many of the metal AM patents are expiring 

these next couple of years, so a drop in price and increase in availability is expected as new metal AM 

products emerge targeting light industry and the small and midsize businesses market [6]. 

2.1.2. Main Technologies of AM 

There are several ways to classify processes of AM. Two popular approaches are to classify 

processes according to the baseline technology like laser, printing or extrusion and also according to 

the type of raw material input, such as liquid, solid and powder. In Table 2-1 is presented the 

terminology defined by the ASTM F42 committee, in an effort for standardization of terminology: 

Process Definition Material 

Vat 

photopolymerisation 

Liquid photopolymer in a vat is selectively cured by 

light-activated polymerisation 

Photopolymer and 

ceramic 

Material jetting Droplets of build material are selectively deposited 
Photopolymer and 

wax 

Binder jetting 
Liquid bonding agent is selectively deposited to join 

powder materials 

Metal, polymer and 

ceramic 

Material extrusion 
Material is selectively dispensed through a nozzle or 

orifice 
Polymer 

Powder bed fusion 
Thermal energy selectively fuses regions of a 

powder bed 

Metal, polymer and 

ceramic 

Sheet lamination Sheets of material are bonded to form an object 
Hybrids, metallic and 

ceramic 

Directed energy 

deposition 

Focused thermal energy is used to fuse materials by 

melting as the material is being deposited 

Metal: powder and 

wire 

Table 2-1: Processes terminology [9]  

Next are presented some of the most common and relevant specific processes. 

Figure 2.1 - RepRap version 1.0 – Darwin [8] 
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2.1.2.1. SL (also called SLA) – Stereolithography 

This was the first commercially available additive manufacturing technology and is included in the vat 

photopolymerisation category. It is a liquid-based process that consists in the curing or solidification of 

a photosensitive polymer (photopolymer), when an ultraviolet laser makes contact with the resin [5]. A 

laser beam is scanned across the surface of a vat of photopolymer resin to form the shape of each 

layer of the part. A piston lowers the cured and formed layer into the vat, allowing the process to 

repeat, and another layer of the part to be formed, as illustrated in Figure 2.2. It is an older method of 

additive manufacturing and has high quality in terms of resolution and surface quality (depending on 

the equipment). Materials: photoreactive polymers; Also used: some metals and ceramics [10]. 

 

 

 

 

 

 

 

2.1.2.2. SLS – Selective Laser Sintering 

Categorized as power bed fusion, in this process a powder is sintered or fused by the application of a 

laser beam. The chamber is heated to almost the melting point of the material, to reduce the 

consumption of energy on the laser. The laser fuses the powder at a specific location for each layer, 

specified by design. The particles lie loosely in a bed, which is controlled by a piston that is lowered 

the distance equivalent to layer thickness, each time a layer is finished. A scheme of the process is 

presented in Figure 2.3.  

 

 

 

 

 

Figure 2.2- Stereolithography (SL) [5] 

Figure 2.3- Selective Laser Sintering (SLS)[10] 
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This process offers a great range of materials from plastics metals and combinations [5]. It has 

relatively low resolution, compared to SLA, which is dependent on the size of the particles. For smaller 

particles issues like agglomeration and oxidation may occur. Some other possible problems include 

porosity issues, low part density and low strength. Materials: metals and ceramics; also used: 

thermoplastics [10]. 

2.1.2.3. Inkjet printing 

Inkjet or polyjet as sometimes is called, is a process of material jetting. This process uses inkjet 

technologies to produce physical models. A movable inkjet head deposits a photopolymer, which is 

then cured by ultraviolet lamps, after each layer is finished. Afterwards more layers are added in the 

same manner. It can print different materials and colours, meaning it can print soluble support material 

where needed. Layer thickness of 16 µm can be achieved in this method, so it has high resolution. It 

has moderate surface quality, but parts produced by this method are weaker than SL and SLS for 

example. Materials: Photoreactive polymers [5][10]. 

2.1.2.4. LOM – Laminated Object Manufacturing 

LOM is in the category of sheet lamination. This process combines additive and subtractive technology 

to build a part layer by layer [5]. An individual sheet is rolled into the platform, binder is laid down on 

the sheet and another sheet is then rolled onto the binder [10] and the two layers are fused together 

by using heat and pressure. A laser cuts the material, each sheet representing one cross sectional 

layer of the CAD model of the part [11]. The main advantage of this method is the low cost. The 

resolution is dependent on the thickness of the sheets. Part removal from excess material can be 

difficult and take time. Materials: metals, ceramics and paper [10]. 

2.1.2.5. FDM – Fused Deposition Modelling 

Included in the material extrusion category, it is a process in which a thin filament of polymer feeds a 

machine and is then melted and extruded by a print head [5]. In this method the filament is fed through 

the heated head and deposited in layers in a build platform which moves vertically to form a part, as 

illustrated in Figure 2.4.  

 

 

 

 

 

 

Figure 2.4- Fused Deposition Modelling (FDM) [10] – Darwin and Markforged Two 
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This is one of the most common methods used, mainly due to the cost and variety of models available. 

It is also fairly reliable and requires little post processing. However, it has some disadvantages such as 

possible warping, low surface quality and resolution [10]. One aspect to take into account when using 

this technology is the orientation of the build, due to the anisotropic nature of the parts created. 

Although parts will be fairly isotropic in the x-y axis, in the z axis the parts will be dependent on layer 

bonding strength which is usually measurably less than in the other directions [11]. Materials: 

thermoplastics; Also used: metals, composites [10]. 

2.1.3. Benefits and unique capabilities of AM 

CAD-to-part: a 3D CAD component or shape can be directly converted into a physical part [9]. 

Design flexibility: there are several factors related to the design flexibility offered by AM. It allows the 

creation of complex geometries unlike subtractive methods which have more constraints due to the 

need of fixtures and diverse tooling as well as possibility of collisions and difficult access to invisible 

zones. Figure 2.5 for example shows a part with complex geometry made with the purpose of saving 

material and reducing weight from the original part. Adding complexity to a part comes at virtually no 

increased cost, as there is no need for additional tooling, re-fixturing, increased operator expertise or 

even fabrication time. Also, it enables the production of geometric shapes that would require assembly 

of multiple parts if produced conventionally. It is possible to produce “single-part assemblies”, with 

embedded parts such as nuts for example [12]. These characteristics allow designing for 

customization, function or light-weight.  

 

 

 

 

 

 

[13] 

Dimensional accuracy: most AM machines are able to build parts with several centimetres of cross 

section and with tolerance capabilities of tighter than hundredths of a millimetre. At first the accuracy 

wasn’t very important, in the early stages when it was only used for the development of prototypes, but 

it is becoming more important as the expectations grow into delivering finished parts [12]. 

Net  shape (or near) manufacturing: production of parts to their final shape or with minimal need for 

additional process steps [9]. 

Figure 2.5- Conventional design of a steel cast bracket and titanium bracket 
with optimised topology made by using DMLS technology [13] 
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Time and cost efficiency in production run: no start up tooling required for production means AM is well 

suited for low part quantities. Also, on demand and on location production, can represent reduced 

inventory costs and costs associated with supply chain and delivery. Moreover, wasted material is very 

low in components fabricated by AM. Going back to the design flexibility, improved more complex 

designs allow saving material [12]. 

Material utilization: potential to reach zero waste regarding material utilization. Scrap powder 

generated can be converted into new powder [9] and even material from supports can potentially be 

recycled. Going back to design flexibility, as mentioned, capability of producing topologic optimized 

geometries allow to use less material. 

Less pollution: Compared to conventional machining, AM is more efficient in terms of virginal material 

consumption and water usage. It does not directly use coolant and toxic chemicals in any measurable 

amount [9] and other auxiliary process inputs [14]. 

Reduced time to market: while the manufacturing by AM can be slower than other traditional methods, 

the possibility to consolidate several machining steps into a single one, will decrease manufacturing 

time [9]. This is related to the first benefit on this list and also to the time and cost efficiency and 

potential to simplify the supply chain. 

2.1.4. Weaknesses and areas to improve 

Size limitations: large size objects are often impractical due to lack of material strength, size of the 

machines and extended amount of time needed to complete the build process [14]. 

Time to build: although AM has the potential to manufacture in a single manufacturing step, the actual 

build of the part takes a long time when compared to other traditional technologies, such as injection 

moulding. There would be a need for producing moulds before manufacturing begins, but once the 

manufacturing starts, the cycle time is much smaller than in AM. This means AM still isn’t suited for 

very large batches of production (of same geometry parts). 

Product quality: Products resulting from AM processes suffer from anisotropic mechanical properties 

due to the nature of building layers and layer bonding deficiencies. Also surface quality usually isn’t 

perfect (varying depending on equipment), which is required if a part is to be ready to use off the 

machine without any extra steps and there has to be a compromise between layer resolution and build 

time [12]. 

Materials: in line with what was said above, there is s need to assess performance of materials in AM, 

as well as opportunity to develop new materials to be used such as biomaterials, superconductors, 

high performance metal alloys, ultra high temperature ceramic composites, etc. Additionally, there 

would be great advantage to being able to work with multi materials in one machine [9]. 

Standardization and certification: the sheer variety in machines, materials and processes makes the 

development of a uniform standard for AM a challenging task [12]. Standards known to users will help 
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create opportunities for effective use of AM technologies as well as for research and development. 

Certifications are important in professional fields of applications and will be necessary to implement 

the technology and allow for its entrusted application [9]. 

Intellectual property: There is concern that AM technology is controlled by a few organizations through 

the protection of relevant intellectual property, which is restricting competition and the identification of 

new application. Not only is it slowing innovation but also keeping system costs high [9]. The 

emergence of 3D printing marketplaces and downloadable open-source projects has challenged the 

current legal landscape and social regulations that safeguard inventors against infringement [12].  

Costs: typically the cost for achieving economies of scale via batch fabrication of standardized part 

geometry using AM is significantly larger than via injection moulding techniques due to the 

discrepancy in cycle time [12]. What is a benefit for small batches production is a weakness for mass 

production as the cost hardly varies much. The equipment and material is still quite expensive, in 

industrial terms. 

2.1.5. Applications in AM 

Prototyping: this is the original and most common application of AM, hence the commonly called name 

rapid prototyping. It is very useful for accelerating the iterative time consuming and costly process of 

product design, therefore reducing costs and time to market, whilst improving product quality [2]. This 

is in accordance with (Cassaignau et al. 2016) which shows accelerating product development as the 

top priority related to 3D printing. [15] 

Medical applications: in the medical field it was identified since early the potential for AM in several 

ways. Medical imaging modalities like computed tomography (CT) and magnetic resonance imaging 

(MRI) are usually examined in a two dimensional slice format, so AM with developed software allows 

to create patient specific three dimensional models. This is useful for evaluation of the patient as well 

as for pre-surgical planning or even rehearsals of new/complex procedures. Other often referred 

application is customized medical devices, such as custom fitted in the ear hearing device. 

Orthopaedic implants are another area where AM is able to create value and is already used for 

example for producing acetabular cups for hip replacement surgery, low stiffness hip stems and 

patient specific transcutaneous osseointegrated implant for the direct attachment of a prosthetic limp.  

 

 

 

 

 

 Figure 2.6- Three-unit dental bridge produced using SLM 
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Other possible applications include tissue engineering, generating complex tissue scaffolds and even 

three dimensional organ printing [2]. Another area worth mentioning is the dentistry business. Several 

companies including Concept Laser and MTT Technologies are using SLM to produce copings for 

crowns and bridges (Figure 2.6) [16]. 

Aerospace: in this sector, AM is seen as an enabler for light-weighting or topology optimization, 

because of its capability of creating complex structures [9]. The near net shape manufacturing has the 

potential to significantly reduce the buy-to-fly ratio, which means great savings as highly priced, high 

performance alloys are typically used [2]. In this industry weight saving can represent not only 

economic saving but also reduced environmental impact in a life cycle perspective, by considering the 

fuel savings. Also, some of these materials are hard to machine and production runs are usually 

relatively small [16]. In the case of Kelly Manufacturing Company the use of a FDM based process to 

manufacture the toroid housing of an altimeter (Figure 2.7), allowed to improve dimensional accuracy 

and reduce tooling and lead times. AM production in unmanned aerial systems is also a growing 

segment, as the complex systems, rapid design iterations, low-volume, structural complexity, and no 

need for passenger safety regulations play into the potential of the technology.  

 

 

 

 

 

 

 

[17] 

Automotive: this industry has been using AM technology in design and development of components 

because it helps shorten the development cycle and reduce manufacturing and production costs. AM 

processes have also been use to produce some structural and functional parts in small quantities for 

luxury, low volume vehicles. Also applying AM for low production volumes, are motorsports 

companies, whose vehicles usually use light-weight alloys and have highly complex structures [16]. 

More applications used in the mentioned industries and others, are the use of AM for rapid tooling, the 

production of jigs fixtures and surrogates for other machining processes or the use of AM made parts 

in assembly rehearsals to prepare the correct set up. For example Connecticut Corsair is an 

organization dedicated to restoring historic aircrafts, and they used AM produced plastic tools to 

hydroform sheet metal parts [18].  

Figure 2.7- Altimeter housing in ULTEM made using FDM-based process [17] 
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Other areas that benefit from customized products and limited series can also benefit from AM, such 

as jewellery and marketing. 

2.1.6. Multi-material/ Composites in AM 

Because AM simultaneously creates an object’s material and geometry, it can be used to create 

custom alloys and composite materials. For example, it is possible to create custom mixes of powders 

and binders, to alternate feedstock materials, and to embed fibres in order to create in situ composites 

[19]. Among the reasons to apply multiple material strategies, could  be just combining different 

materials, improving mechanical properties, modifying the thermal expansion coefficient, obtaining 

electrically tunable stiffness, providing additional functionality and design freedom, traceability and 

security in the resulting part [19][20]. Ways to produce composites have been researched and created 

in several AM technologies. For fibre reinforced composites however, there aren’t so many examples, 

and it will be presented in the next section, with a focus on FDM. 

In SLS for example there are three main methods for manufacturing composite materials [21]. The first 

and most common is using various powders, for example hydroxypatite (HA) being added to 

polycapralactone (PCL) for enhancing its strength and biocompatibility [22]. Other examples include 

customized composite powders, such as DuraForm GF (polyamide and glass fibre), Dura- Form AF 

(polyamide and aluminium) and polyamide powder with short carbon fibre reinforcement. The other 

methods are the use of laser-induced chemical reactions to create in situ particles during laser 

sintering and post processing of laser sintered materials by use of a furnace treatment [21]. 

SL has created a lot of interest for multi material research in the field of medicine, as in (Wicker, 

Medina, and Elkins 2004) where interest is shown for SL potential in soft tissue engineering 

applications such as nerve regeneration and guided angionesis as well as the ability to manufacture 

unique customized functional devices. The need to control the location of different materials led to a 

design of a retrofit to an existing SL machine, illustrated in Figure 2.8, to provide for direct 

manufacturing of 3D implantable constructs using biocompatible and photocurable hydrogels. [23] 

 

 

  

 

 

 

 

 
Figure 2.8- Multiple vat carousel designed to fit within SL machine, incorporating 

wash, cure and dry cycle for multiple material fabrication [23] 
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Inkjet processes can also print multi-material and gradient-material structures. Applications can range 

from parts with controlled hardness and flexibility, to parts with differing electrical properties in various 

regions, to tissue-engineered structures with different biological properties in different regions as well. 

In this type of process, print heads usually have separate nozzles which are fed with different 

materials and are separately controllable. A common and commercialized system consists of curable 

photopolymers being jetted through a multi nozzle head and each photopolymer layer being 

immediately cured by UV light as it is printed [20]. Figure 2.9 exemplifies a part printed with two 

different materials, one white and the other transparent. 

 

 

 

 

 

 

In FDM a common way to use multi-materials is to have more than one nozzle dispensing material. 

For example in the case of having an overhanging section of the part, supports to that region could be 

created using a soluble material and the part made with the chosen material.  In recent years, much 

attention has been paid to extrusion-based systems in the field of biomedical engineering as they are 

mechanically simple processes in comparison to other AM techniques and a wide range of multiple 

biomaterials can be processed effectively. Three or more nozzles are sometimes used in machines 

designed for tissue engineering research, so that scaffolds and other biologically compatible materials 

can be deposited in specific regions of the implant [20]. Another way to have composite materials 

printed by FDM is to have a filament of an already composite material, such as nylon with short carbon 

fibres or to embed fibres in the filament. Fibre reinforced composites will be presented in the next 

section. 

2.1.6.1. Fibre reinforced composites in AM 

Composite materials have been used for lightweight components in many industries such as: 

aerospace, automotive, nuclear, marine, and biomedical industries. They offer high mechanical 

strength and high performance for specific applications. Lightweight composites, including Polymer 

Matrix Composites PMC (i.e. fibre-reinforced polymers) and Metal Matrix Composites MMC (i.e. 

aluminium matrix composites and TiAl-based composites), are typically used in several industries [24]. 

There is interest in developing AM technologies that can fabricate innovative and complex parts using 

composite materials. Although AM of fibre/polymer composites are increasingly developing and under 

intense attention, there are some issues needed to be addressed including void formation, poor 

adhesion of fibres and matrix, blockage due to filler inclusion, increased curing time, modelling, 

Figure 2.9- 3D printed foot model in transparent and white materials created by a multi-material inkjet printer [17] 
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simulation, and etc [25]. Another particular important issue in AM of fibre reinforced composites is the 

difference between short/particulate and long/continuous fibre reinforcement. Continuous fibre 

reinforcement is currently one of the biggest challenges for researchers in 3D printing of polymer 

composites. It offers significant improvement in mechanical properties compared to discontinuous 

fibres, however, there is still no robust and standard paradigm developed for continuous fibre 

composites printing [25]. 

So far there isn’t any AM technology for composites that can match the performance that metal AM 

can reach, let alone performances comparable to traditional methods like tape laying. A fully functional 

carbon fibre 3D printer should be able to produce intricate, detailed, and strong parts greatly 

surpassing the capabilities of machined aluminium and 3D printed metal at a cost that falls in between 

the two, all while allowing users to tailor their properties with entirely new CFRP (Carbon Fibre 

Reinforced Polymer) structures. Composite feedstocks are less expensive than the precisely 

powdered alloys used in some metal 3D printers, and the energy required to heat a thermoplastic or 

reactive polymer is much lower than the energy required to fuse metal. This potential of composites 

has not yet been achieved due to limited investment in this area and engineering challenges, rather 

than because of any inherent physical limitations [3]. 

 

2.1.6.2. Fibre reinforced composites in FDM 

FDM is one the most used AM technologies, due to some factors like low cost of printing device and 

thermoplastic materials. Fibre reinforcement in FDM has been a popular topic of research [25]. It is 

also the technology available for this work. 

Most of the research efforts were focused on development of filaments with short fibre additives. 

Inclusion of fibres in filament reduces tape swelling at the head during deposition and increases the 

stiffness [25]. Referring to some of the most recent works, in (Carneiro, Silva, and Gomes 2015) glass 

fibre reinforced polypropylene (PP) was evaluated. Orientation and method of production were also 

studied, but in terms of FDM of PP with and without glass fibre reinforcement, the reinforced PP 

showed improved mechanical properties of 30% and 40%, for the modulus and strength, respectively. 

(Ning et al. 2015) conducted experimental investigations on if adding carbon fibre (different content 

and length) into ABS plastic can improve the mechanical properties of FDM-fabricated parts. The 5 

and 7.5 weight % carbon fibre content showed the best improvement in tensile strength and Young's 

modulus, respectively. It also concluded that longer carbon fibres can increase tensile strength and 

Young's modulus, but with decrease to toughness and ductility. Porosity was a problem found and was 

severest at 10% weight content. (Tekinalp et al. 2014) investigated parts fabricated by FDM and 

compression-moulding, made of ABS resin reinforced with different loadings of carbon fibre. The 

results showed that the average fibre length significantly dropped in both processes, likely due to the 

high-shear mixing step during compounding. In FDM printed samples significant porosity was 

observed. With increasing fibre content, voids inside the FDM-printed beads increased, while voids 
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between the beads decreased. Samples in both methods showed significant increases in both 

strength and modulus. [26] [27] [28] 

For continuous fibre reinforcement, Markforged is the only company currently offering a machine 

capable of the process. It is a FDM machine and the way it works is that following the polymer 

deposition, strands of continuous fibre are placed onto the melted polymer surface in rastered or 

looped patterns [29] with the use of a different nozzle. The printer has brought higher performance 3D 

printing to businesses in need of small prototypes, as well as the maker movement. However, 

researchers have shown that their filament has large voids and contains many resin-rich areas, 

resulting in substantially lower properties than the rule of mixture would allow [3]. A main disadvantage 

is that it works in 2D layers, not allowing to deposit fibre in all directions. In spite of this, tests were 

made in (Melenka et al. 2016) using the first model, the Mark One. Continuous Kevlar fibre-reinforced 

3D printed Nylon structures were evaluated, with stiffness and ultimate strength showing significant 

increase for high volume of fibre reinforcement. Figure 2.10 shows some parts made by the Mark One 

printer, reinforced with Kevlar continuous fibre. [30] 

 

 

 

 

 

 

[31] 

 

Other methods have been developed and investigated. In (Mori, Maeno, and Nakagawa 2014), carbon 

fibres were placed between layers of 3D printed (FDM) polymer, and subsequently thermal treatment 

was performed to strengthen the bond between the fibres and the lower and upper layers. They were 

then tested for strength and fatigue. More recently, (Matsuzaki et al. 2016) developed an innovative 

technique based on FDM for in-nozzle impregnation of continuous fibre on a thermoplastic matrix. The 

resin filament and fibre were supplied separately before heating and mixing in the printing head. The 

mixture was then ejected on the printing bed. Carbon fibres and twisted yarns of natural jute fibres 

used as reinforcement. The carbon fibre reinforced composites demonstrated superior mechanical 

properties and were compared to other AM processes as well as to other existing fibre reinforced FDM 

processes (short fibres). Figure 2.11Figure 2.12 illustrate the technique used and the mechanical 

properties obtained respectively. [32] [33] 

 

Figure 2.10- Fibre reinforced parts made by FDM [31] 



15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.11- Schematic of the process developed [33] 
 

Figure 2.12- Carbon fibre composites compared to other carbon fibre reinforced 
methods and to other commercially available 3D printers[33] 



16 
 

  



17 
 

3. Context of the work 

3.1. Boavista Windows 

Boavista is a brand of fibreglass window frames. Original from Porto, it operates in the Portuguese 

market and also in the United Kingdom with the help of a partner.  

Boavista pride itself in using fibreglass and promote as their values: efficiency, minimalism, quality, 

innovation and sustainability. They advocate the use of fibreglass justifying it as an option which 

reaches high standards of thermal and acoustic performance with excellent visual and tactile appeal 

as well as being an environmentally responsible product, due to the low embedded energy from raw 

material to delivery and great durability. The method used to produce its fibreglass frames is 

Pultrusion. 

It is a modern company which likes to innovate in their products and has already started to work with 

AM in development of products. 

 

3.2. Evolution Minimal Window 

In its range of products, Boavista has the systems of tilt and turn, sash, sliding and casement. In 

addition to these more basic products, Boavista is developing a new design for a minimal window. 

Minimal windows are slim framed sliding glass doors, where the glass is structural in the window and 

has a large surface area, maximizing natural lighting and the view. In Figure 3.1 there are some 

examples of minimal windows from other competitors. This product is intended to take Boavista into a 

higher end market. From this point forward the Evolution Minimal window will be referred to as EMW. 

 

 

 

 

 

 

 

3.3. Non-metallic lock – opportunity identification 

One of the accessories that are presented as an option from competitors with this type of window is 

the simple lock that works just a latch. Boavista want to have this accessory in their range and 

differentiate it by making it non-metallic, in agreement with the company’s vision and identity. 

Figure 3.1- Examples of minimal windows from competitors 
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The initial idea was to make it by injection moulding, but since this will be a high end product, sales 

aren’t expected to be very large, especially at the beginning. Also there will be other options besides 

this lock, including an automated option, so the lock won’t be in every EMW installed. The fact that the 

series of production will be relatively small could make production costly by injection moulding, as 

there would be an initial high investment for the acquisition of moulds. 

So the opportunity was identified to develop a lock to be produced by additive manufacturing in 

collaboration with the project FIBR3D. The project studies AM in composites and the machine 

available is able to print continuous fibreglass embedded in the parts, improving the mechanical 

properties of the parts. Two main factors contribute to make this a good opportunity: first, one of the 

characteristics of AM is to be cost efficient for small batches and second it would also add value to the 

product by allowing it to be customizable with virtually no added cost.  

Summarizing, there is an opportunity to make a product – lock – which is non-metallic and 

customizable, reflecting the vision of the company and filling a space on the range of accessories for 

the new minimal window. The main challenge will be to make an end-use non-metallic product with 

additive manufacturing, at a reasonable cost and that meets performance requirements. To develop 

this lock, the methodology of product development from (Ulrich and Eppinger 2011) will be applied. 

[34] 

3.4. Markforged Mark Two 

The equipment available for this work is the 3D printing machine Mark Two, from Markforged (Figure 

3.2). This is a FDM technology machine with the unique characteristic that it can print continuous fibre 

to reinforce its parts. The fibre is already impregnated in a filament, which is deposited through a 

different nozzle from the plastic material. At the moment, it is the only commercially available machine 

to do this. More specifications are presented in Table 3-1. 

 

 

 

 

 

 

 

 

[31] 

Figure 3.2- Mark Two [31] 
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Machine dimensions 575x322x360 [mm] 

Weight 13 Kg 

Build Volume 320x132x154 [mm] 

Plastic materials 
Onyx 

Nylon 

Fibre materials 

Fibreglass 

Carbon Fibre 

Kevlar 

HSHT Fibreglass (High-Strength High-Temperature Fibreglass) 

Z layer resolution 100 micron 

Filament diameter 1.75 mm 

Nozzle size 0.4 mm 

Connectivity Ethernet, USB cable, USB drive, WIFI 

Table 3-1: Specifications of the Mark Two 

 

Besides the ability to print parts reinforced with continuous fibre, the other characteristic that 

distinguishes Mark Two and other Markforged machines from the others is the software, Eiger, which 

is exclusive to Markforged and the only one which can be used in their machines. It is a cloud-based 

software where one can upload the STL files and then chose the parameters available and order the 

print. The software is designed to be user-friendly and to simplify the process of printing parts, not 

offering as many choices for parameters as other slicers. It gives pre-defined options when a part is 

uploaded, some of which can then be changed. A summary of what parameters are adjustable in Eiger 

is presented below in Table 3-2. 

Adjustable Not Adjustable 

 Material (within Markforged provided materials) 

 Reinforcement material 

 Orientation  

 Use of supports (automatically generated) 

 Raise part 

 Use of brim 

 Layer height (0.1 ; 0.125 ; 0.2) [mm] 

 Fill pattern 

 Fill density 

 Roof, floor and wall layers 

 Pause after layer 

 Use of fibre layer by layer  

 Fibre fill type (isotropic or concentric rings) and angle 
(in case of isotropic) 

 Nozzle temperature 

 Nozzle path 

 Temperature of the bed 

 Printing speed 

 Movement speed 

 Support type 

 Retraction settings 

Table 3-2: Parameters adjustable in Eiger, from Markforged 
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4. Adopted methodology 

This work has as its main goal to develop a concept for a product intended for Boavista Windows, to 

be produced with the available AM technology, based on the opportunity identified in the previous 

chapter. It is also important to characterize the product in terms of cost, to validate the opportunity, 

and in terms of sustainability of the production method. 

In order to accomplish this, the methodology of product design and development was applied in 

collaboration with Boavista Windows. The first step was to form a mission statement, followed by the 

establishment of customer needs which were reflected by specifications. This process led to the 

generation and selection of concepts. After the selection of concepts, two prototypes were produced. 

The prototypes were tested for setting of final specifications and selection of final concept. This 

process was iterative, as at any stage information could arise that influenced previous stages. The 

house of quality was used to keep general overview of the process and relationships. 

A cost model was developed, assuming the product was to be produced in Boavista. The data 

collected from the production of prototypes was used to find the unitary cost, which is also a 

specification. Sensitivity analyses were carried to assess different options and factors and how they 

affect the unitary cost. 

Based on the data collected and the options studied in the cost model, an environmental impact 

analysis was carried to the production of the lock. For this analysis, the methodology of Life Cycle 

Assessment (LCA) was applied and LCA software Simparo 8 was used, along with its comprehensive 

database Ecoinvent.  

Finally, from the results obtained, conclusions were taken and discussed. Figure 4.1 illustrates the 

described general methodology adopted. 
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Figure 4.1- Methodology adopted 
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5. Product design and development  

The methodology applied to develop this product for Boavista Windows is the methodology of product 

design and development described in (Ulrich and Eppinger 2011). Based on this methodology, 

customer needs and specifications will be defined, which will subsequently lead to generation and 

selection of concepts. Prototypes will be produced and tested.  

 

 

 

 

 

 

One advantage is that if both prototypes and products are made by AM, then the prototype will reflect 

very precisely how the product would be, allowing for accurate perception, testing, cost evaluation, 

amongst others. (Ulrich and Eppinger 2011) presents a set of tools and processes that should be 

adapted to each case, in order to develop products with good probability of being successful. The 

three main areas identified to contribute to the product development process are marketing, design 

and manufacturing. This product was developed for Boavista Windows and as such, all information 

was gathered in meetings and interviews with people especially from their design and marketing 

departments.  

 

5.1. Mission statement 

In the previous chapter was described what the opportunity is and how it was identified, it was given 

context. To start the developing process it is necessary to have a direction, which specifies the 

opportunity along with the inherent objectives and constraints. The way to formalize this is to make a 

mission statement. The mission statement specifies which direction to go in, but generally does not 

specify a precise destination or a particular way to proceed [34]. As with other stages of the product 

development, the mission statement can be an iterative process and undergo some changes during 

the development of the product. Below in Table 5-1 is presented the final version of the mission 

statement. 

 

 

Figure 5.1- Interrelated activities in the concept development phase [34] 
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Mission Statement: Customizable Non-metallic Lock for Evolution Minimal Window 

Product Description 
 Customizable, non-metallic, simple to use latch lock for 

Evolution Minimal Window 

Benefit Proposition 
 Resistant to corrosion in any circumstance, non-metallic 

 Customizable – aesthetically pleasant for costumers 

Key Business Goals 

 Complement the new concept of minimal windows in the 

company with a unique product which adds value 

 Have a product in a segment in which competitors also have 

products, but with differentiating factors 

 Sale of 100 units per year 

Primary Market  Boavista Windows  

Secondary Market 

 Other companies who sell minimal/sliding windows 

 Others costumers who already have minimal/sliding windows 

 Customers looking for customizable accessories 

Assumptions and 

Constraints 

 Exterior/aesthetic part of the lock will be customizable 

 Lock cannot have any metallic parts 

 Lock should be adapted to set up on the already existing 

design of the Evolution minimal window 

 Design allows for posterior inclusion of key cylinder 

 Available AM machine Markforged Two 

 Material: Nylon, fibreglass, carbon fibre 

 Adequate cost, as low as possible 

Stakeholders 

 Costumers 

 Companies who sell  windows 

 Designers, managers, marketers and operators 

 Manufacturers of parts/materials from outside the company 

 Manufacturers of machines and materials used to produce 

the product 

 Transporters 

Table 5-1: Mission Statement 
 

5.2. Establishing the needs 

The mission statement has given a direction, with assumptions and constraints that reflect the context 

of the opportunity. The next step is to establish the customer needs. The needs are not dependent on 

any particular product that can be developed, not specific to any concept. They are attributes desired 

for the product, expressed in everyday language, stating what the product has to do and not how to do 

it. A condition to success of a product is the ability to offer perceived benefits, and a product offers 
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benefits when it satisfies needs [34]. For this product, some attributes are already listed in the 

assumptions, because they are a defining attribute of the product. Therefore, being non-metallic, 

customizable, set up on the existing design and allowing the posterior inclusion of a lock cylinder for 

another version will not be included as needs. As was said previously, the needs were identified from 

information provided by Boavista Windows, with contributions from the design and marketing 

departments. 

This product is aimed at filling a segment on the market, for which other competitors with this type of 

windows already have products. This is the category of the simple locks that work as a latch, to close 

and open the window. It can be used in inner windows for instance. And thus the first need is 

identified, the lock must be simple to use. Boavista also wants the lock to feel good when used by their 

clients, so it is added the need to feel good ergonomically, for a good user experience. 

A main concern for Boavista is regarding the installation process. They don’t want to complicate the 

installation of the window, they want it to be as quick and “clean” as possible. Any extra work that 

could potentially even involve other parties (i.e. drilling or breaking wall) is totally non desirable. 

Another need is identified here: easy to install. 

It is important that the product is aesthetically pleasant. One important part of the aesthetics is already 

addressed by being customizable, the customization makes it attractive to the user. There would be a 

basic functional geometry, allowing an architect or the actual customer to design the exterior lines of 

the lock. Two more factors are included in the aesthetics though: size and finishing. Size relates to the 

minimal style of the window, the lock should not be too big or stand out, at least the basic functional 

geometry, because the customer could potentially customize it to be bigger. Finishing will affect the 

exterior appearance and feel, although it could be included as customizable that the customer could 

choose the level of finishing required. Still the lock should have good finishing by default, and should 

be small.  

A window is supposed to last for several years without need for maintenance and as such the lock 

must be durable. One factor affecting durability is already being addressed in the constraints in being 

non-metallic and corrosion free. Beyond that, it must fulfil its main purpose, which is to actually lock 

the window, so it must be rigid/ strong enough. Additionally, to be maintenance free and “cleaner”, it is 

desirable for it not to need lubrication. 

In terms of selling the lock the main need is as with many products made, to be as affordable as 

possible. This will largely depend on the production cost and will represent a challenge, especially as 

the production is expected to be in small batches. However, as stated in the previous chapter, that is a 

characteristic that could suit AM as a manufacturing method, producing low series and adding value 

by allowing customization. Since the EMW will be a high end product of the company, the selling price 

would be in the context of the whole window and the customization factor could be highly valued. 
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For the production, as for the installation, the goal is to comply with the timings of having the window 

produced and installed. This implies the lock should be installed at the same time as the window and 

the production and assembly should be quick enough for that to happen. 

Table 5-2 sums up the information of the needs to help develop this lock. 

Number The lock must be Importance Notes 

1 Easy/simple to use 5 
Important for user, place in 

the market 

2 Ergonomically pleasant 4 Important for user 

3 Small 3 
Basic functional design – 

concept of minimal windows 

4 Good finishing 4 Aesthetics 

5 Rigid 3 
Capable of locking the 

window 

6 Durable  4 Expected of a window lock 

7 Lubrication-free 3 Cleaner, easier to assemble 

8 Quick to produce 1 
Relative - Before windows 

installed 

9 Quick to assemble 2  

10 Easy/simple to install 5 Quick and no extra work 

11 Affordable 2  

 

 

Also included in this table was an importance weight given to each need. When designing a product, 

typically trade-offs will have to be made, and a relative importance of the needs is essential to make 

them correctly. The scale used was from 1 to 5, however 1 does not mean the need is not important, 

because all needs identified are important. It is rather a reflection of the priority of each need. To make 

it clear the scale is defined as: 

1- Slightly important, but not a priority 

2- Important 

3- Fairly important 

4- Very important, priority 

5- Extremely important, top priority 

As top priorities there are two needs: easy/simple to use and easy/simple to install. For the first one it 

is a defining characteristic for the lock, allowing it to fulfil its objective. And the second is related to the 

operational part of the company, as they don’t want to depend on others and/or complicate their 

installation process. 

Table 5-2: Table of needs 
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The needs of good finishing and good ergonomic feel are still priorities, with a rate of 4. Although 

these needs can depend on subjectivity, they reflect the quality of the accessory for a high end 

product (EMW). Durability also has an importance of 4 and is what is described in (Ulrich and 

Eppinger 2011) as a critical need:  need which is just assumed to be there but is very disappointing if it 

is not. 

Next in line of importance are the needs to be small, rigid and lubrication free. Be small to fit 

appropriately with the style of the window, be rigid to fulfil its main function of locking the door, whilst 

contributing to the durability of the lock and be lubrication free to make it simpler and cleaner. 

With an importance rating of 2, are the needs to be quick to assemble and affordable. It should be 

remembered that 2 is still important. The need to be quick to assemble should be easy to accomplish. 

The need to be affordable is not a priority, as this is an accessory for an expensive product, which has 

the added value of customization. However, cost must be taken into account. 

Lastly, slightly important is the need to be quick to produce. The rating is low because the need should 

be easy to accomplish. 

 

5.3. Metrics 

The table of needs is made with a common language which is helpful to create a sense of the issues 

of interest for the product, but they provide little specific guidance on how to design and engineer the 

product. For the development of a product it is required to have specific characteristics that can be 

quantified and define what the product has to do – specifications with a metric and a target value. 

Metrics are measurable characteristics which allow assessing if the needs are satisfied. Metrics 

specify the overall performance of a product and should therefore be the dependent variables (i.e. the 

performance measures or output variables) in the design problem [34]. Each need can originate one or 

more metrics and a metric may affect more than one need. 

To determine all the significant metrics for this product, metrics were defined by going across the list of 

needs and figuring out what measurable characteristics of the product will best reflect if the product 

satisfies each need. Sometimes a metric is determined to address a need but is then realized that it 

also affects other needs or metrics, even though the relationship might not be as strong. Table 5-3 

summarizes the information of the metrics related to each need. As with any step of this product 

development, it can be an iterative problem, because further ahead some needs and metrics might be 

identified. This is the last version of the iterative process. 

Metrics should be practical and ideally should also be directly observable or easily evaluated. 

Sometimes though, needs cannot be easily translated into quantifiable metrics. This happens for 

example in subjective aspects, such as looking good aesthetically, and is predicted in (Ulrich and 

Eppinger 2011) and dealt with by repeating the need statement as a metric and defining the unit as 

“subjective”. Other exceptions are the metrics which are better reflected as a list rather than with 

specific units and the metrics which are basically binomial, using a pass/fail approach. 
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Need 
Metrics 

(reflect if the product satisfies a customer need) 

Easy/ Simple to use 

 Easy to open/close with one hand 

 Allows window to close and then stay closed 

 Possible to make the lock stay open  

 Spring constant 

Ergonomically pleasant 
 Friction 

 Spring constant 

Small   Outside (visible) volume 

Good finishing  Roughness of surface 

Rigid 

 Horizontal force on latch bolt 

 Maximum pulling force on handle 

 Binding strength of the lock to the frame 

Durable 
 Cycles to failure 

 UV resistant 

Lubrication Free 
 Friction 

 Cycles to failure 

Quick to produce  Time to produce 

Quick to assemble 
 Time to assemble 

 Number of parts 

Easy/simple to install  Time to install 

Affordable  Cost/unit  

Table 5-3: Metrics related to needs 

 

In the specific case of this product there are needs (and metrics) related to the design of the product 

which cannot be quantified. Immediately at examining the first need, such case is found. Being simple 

to use is mainly related to the design of the product, and some of the metrics identified could have 

been listed as needs. However, it was decided to list them as binary metrics (either the design 

complies or not) related to the need of being simple to use. Some of the said metrics were actually 

identified during the concept generation and selection phases, demonstrating the iterative nature of 

process. Therefore the first need of being simple to use is reflected by the design-related metrics of 

easy to handle with one hand, allowing the window to close and possibility to make the lock stay open 

and to a lesser degree, the spring constant. 

The need of a good ergonomic feeling can be quantified by the metrics of friction and spring constant.  
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The need to be small is easily reflect by the volume of the lock, which in turn is easily measured.  

The need good finishing can be subjective, but to assess it in a quantifiable way, a value for 

roughness of the surface was defined. 

For the need to be rigid, three metrics were defined which relate to the mechanical properties of the 

material and the loads applied. The first metric is the horizontal force applied on the latch bolt, which 

reflect someone trying to open the window when the lock is closed. The second metric is the maximum 

pulling force on the handle, which reflects someone pulling the handle of the lock with maximum 

strength. The third metric is the binding strength of the lock to the frame. 

The metrics defined for the need durability were number of cycles and UV resistance. The number of 

cycles reflects the impact of the window closing hitting the latch bolt as well as the force of the spring 

on the parts of the lock. UV resistance was considered, as the lock will be close to a window, so 

should endure some UV exposure. 

The need lubrication free was associated with the metrics number of cycles and friction, as these 

metrics can justify the need to use lubricant or not. 

The need to be quick to produce was assessed by the metric time to produce, while the need quick to 

assemble was assessed by the metrics time to assemble and number of parts. When evaluating the 

metric number of parts it is therefore important to consider if fewer parts imply simpler assemble. 

By last, the need to be affordable is directly reflected by the unitary cost of the product. A cost model 

was built and is an important part of this work. 

The relative weight of the metrics was calculated in the next two sections, based on the relationship 

each metric has with the needs. 

 

5.4. The house of quality 

Some metrics relate to more than one need and may also affect each other. For example the metric 

time to produce affects the metric unitary cost, which is then reflected in the associated needs. The 

conclusion is that it is not a linear process, but a dynamic one, where the needs and metrics are 

intertwined and affect each other. For that reason, before advancing to concept generation, a method 

was adopted to illustrate the relationship between the needs and metrics, for the purpose of better 

comprehension. The method is the house of quality, a graphical technique used in Quality Function 

Deployment (QFD) [35]. This method consists of a matrix providing a conceptual map for the design 

process, as a construct for understanding Customer Requirements (customer needs) and establishing 

priorities of Design Requirements (specifications) [36]. It is therefore based on the same process 

followed in the previous sections, of establishing the needs and metrics to reflect them. 

The resulting graphic can be used as a road-map or navigation chart, where the relationship between 

needs and metrics is established, as well as the relationship between metrics with each other. It also 
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allows calculating the relative weight of each metric, based on the needs they are related to and the 

assigned importance to those needs. More features can be present in this method, like setting the 

target values for specifications, setting how difficult those same specifications are to achieve or 

comparison with existing products for benchmarking, among other possible customizations. 

As can be seen in Figure 5.3 and Figure 5.4 the main blocks of the house of quality consist of two 

matrixes – the “body” and “roof” of the house. In the body of the house a relationship between needs 

and metrics is established as weak, moderate or strong, and the roof illustrates the positive or 

negative correlation between the metrics. For example time to produce has a positive correlation with 

the unitary cost, because when time to produce increases it also leads to an increase of the unitary 

cost. At the bottom of the house is the relative weight of each metric. It is calculated based on the 

strength of the relationship that metric has to each need and the importance assign to those needs. 

The relationship between metrics is not reflected and should be read independently. 

In this work, this method was used for mainly two purposes. The first was calculate the relative weight 

of the metrics and the second was to consult along all steps of the process of development, as it is a 

very useful graph with a lot of information available. During the process, the house of quality was 

continually updated. A template for the house of quality was used from [37]. Below, figuresFigure 

5.2Figure 5.3Figure 5.4 present the legend, body and roof of the house. 

 

 

 

 

 

 

 

 

 

Figure 5.2- House of quality, legend 
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Figure 5.3- House of quality, body of the house: relationship between needs and metrics 
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5.5. Target specifications 

The bottom of the house of quality is presented in 1.Appendix A -and gives a relative weight to each 

metric. This is calculated by multiplying the strength of the metric-need relationship by the importance 

of the need and then dividing that weight by the sum of the weights of all the metrics. The final relative 

weights will add to a total of 100. For better intuitive analysis of the values it was chosen to normalize 

this relative weight, making the highest to be 10 and the others will be relative to the highest. 

This normalized weight is presented below in Table 5-4, along with the target values for each metric, 

constituting therefore the specifications for the product. These values are targets at this stage and 

should be revised once the concept is chosen and limitations are acknowledged. 

Figure 5.4- House of quality, roof of the house: relationship between metrics 



33 
 

No. Metric 
Target 
Value 

Units 
Normalized 

Weight 
(max=10) 

1 Easy to open/close with one hand Yes Binary 
10.0 

2 Allows window to close and stays closed Yes Binary 
10.0 

3 Possible to make the lock stay open Yes Binary 
10.0 

4 Friction 0.3 µ 
10.0 

5 Spring constant 1 N/mm 
9.1 

6 Outside (visible) volume 60 000 mm³ 
6.0 

7 Roughness 12.5 Ra [µm] 
8.0 

8 Maximum horizontal force applied on bolt 222 N 
6.0 

9 Maximum pulling Force 140 N 
6.0 

10 Binding strength 414 N 
6.0 

11 Cycles to failure 50 000 Cycles 
10.0 

12 UV resistance Yes Binary 
8.0 

13 Time to produce 1 Day 
2.0 

14 Time to assemble 5 Min 
4.0 

15 Number of parts 3 Parts 
1.3 

16 Time to install 10 Min 
10.0 

17 Cost/unit <50 € /unit 
4.0 

Table 5-4: Specifications and normalized weight 

 

It is possible to observe that six metrics have a normalized weight of 10. Of those metrics, number 

1,2,3 and 16 have a strong relationship with needs which have the maximum importance rating of 5, 

and metrics number 4 and 11 have relationship with two needs, including a need with an importance 

rating of 4. The number of needs a metric is related to and the importance rating of those needs 

contribute for the weight of the metric. On the opposed position is the metric “number of parts” with the 

lowest normalized weight of 1.3. This low weight reflects an only moderate relationship with a need 

which has an importance rating of 2.  

For the metrics which are binary, the specification is the design to comply with the metric. 

For the metric friction, the main factor is to provide a good ergonomic feel. The finishing of parts in this 

FDM process has some limitations and this should be addressed in the concept generation and 

selection. A representative value of 0.3 was defined as target for the coefficient of µ. 
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The metric spring constant is also strongly related to the ergonomic feel. After testing some springs 

with the help of personnel from Boavista Windows, a target of 1 N/mm was defined. 

A maximum of 60 000 mm³ was set as a target for the metric outside volume. This value accounts for 

the space occupied by the housing. The handle, being smaller and customizable, will have a more 

variable size. 

The metric roughness, like friction, is affected by the finishing of the parts. To have a good finishing, 

post processing has to be applied. The target value for roughness was defined as Ra = 1.6 µm, which 

is equivalent to ISO grade number N7. 

The target for the maximum horizontal force applied on the latch bolt was defined as a force of 222 N. 

This value was applied in a test for locking device stability in a norm for sliding glass doors [38], and 

was adapted to this product. 

For the metric of maximum pulling force, a target value of 140 N was defined. This value was adapted 

from a study [39] which performed various tests with people with different ages and sex. The tests 

involved a person pulling a handle as hard as possible. 

The binding strength will be calculated later in section 5.9.3, but the target is for this strength is to be 

high enough to resist the two previous loading cases. 

The target for the metric number of cycles was determined by considering 5 cycles per day, during 25 

years, resulting in a rounded number of 50 000 cycles. 

There was no practical way to measure the metric UV resistance, so no numerical value was 

attributed. However, it is important that the metric is addressed in the post-processing. 

The target for the metric time to produce was defined as one day, the product should be able to be 

produced from one day to the other.  

The metrics time to assemble and number of parts both reflect the need of the product to be 

simple/easy to assemble. A target value of 5 minutes for the metric time to assemble reflects this, as 

does the target of 3 parts produced. The metric number of parts is relative to the parts produced. This 

two metrics should be evaluated together, for example to assess if one extra part actually complicates 

or simplifies the assembly. 

Easy and simple installation is paramount to Boavista windows, with a target of 10 minutes or less for 

the metric time to install reflecting that.  

The target of unitary cost for this product is set at the maximum of 50 €. The goal is to achieve as low 

a cost as possible. Customization helps justify a higher cost but a limit has to be set. 
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5.6. Concept generation 

To start the process of concept generation it was important to address the assumptions and restraints 

of the product, defined in the Mission Statement. Namely, the assumptions that the lock should be 

adapted to be set up on the existing design of the EMW and that the design allows for a posterior 

introduction of a locking cylinder, as these assumptions are design related. In Figure 5.5 and Figure 

5.6 is presented the EMW and the section where the lock should be set. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 5.5- A) General view of EMW opened; B) Front view of EMW with outer dimensions and indicated 
section of Figure 5.6 

Figure 5.6- Cross-section indicated in Figure 5.5 B) with some dimensions in mm 

Frame Triple glass 

door 

Stile 
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One step suggested in (Ulrich and Eppinger 2011) is to search externally. To that end some research 

was done on existing products on the market for minimal windows as well as for regular sliding 

windows. Figure 5.7 and Figure 5.8 illustrate some locks in the market. Some research on patents was 

also done and some examples are presented on 1.Appendix B -.  
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Taking into account the needs and constraints identified for the product, some concepts were 

generated. The house of quality was a useful tool to consult in the process of generating concepts, 

with a lot of information concentrated. The concepts generated are presented in Table 5-5. 

Figure 5.7- Locks from Minimal windows in the market: A), B) and C) from brands [40], [41] and [42] respectively 

Figure 5.8- Locks from regular sliding windows: A) lock with a vertical long pin; B) and C) locks attached to the track;  
D) two part lock; E) lock with a horizontal long pin; F) lock with lateral latch 

A B 

C 

A B C D E F 
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1.  

 

 

 

 

 

 

 

 

 Moves in and out 

 Machined bearing and bolt 

 Pin through the bolt pushes the spring 

 Handle made by AM is fixed and glued to the bolt 

 Angle in the tip of the bolt allows the window to close 

 Geometry machined in the bearing allows to rotate 

and stay open 

 The box has an inside cover to allow the assemble 

before closing 

2.  
 Moves in and out 

 All parts made by AM except the spring 

 Handle is fixed and glued to the bolt 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 The box has an inside cover to allow the assemble 

before closing 

3.  
 Moves in and out 

 Use of 2 non-machined bearings 

 Handle and bolt are same part made by AM 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 Pin through the bolt pushes the spring 

 The box has an inside cover to allow the assemble 

before closing 

4.  

 Moves up and down 

 Use of 2 non-machined bearings 

 Handle is fixed and glued to the bolt, both made by 

AM 

 The box has an inside cover to allow the assembly 

before closing 
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5.  

 Moves in and out 

 One non-machined plain bearing 

 Spring not aligned, pushed by pin through the bolt 

 3 rotary axis  

 The box has an inside cover to allow the assemble 

before closing 

6.   Rotational movement 

 Two non-machined bearings 

 Handle enters from behind and has geometry which 

rotates and pushes bolt 

 Spring around the bolt, pushed by pin going through 

it 

 Inverted spring 

 The box has an inside cover to allow the assemble 

before closing 

7.  

 Rotational movement 

 Two non-machined bearings 

 Handle is fixed and glued to rotary spindle with a 

geometry which allows to rotate and open the lock 

 Spring behind latch bolt 

 The box has an inside cover to allow the assemble 

before closing 

8.  
 Moves in and out 

 Use of 2 non-machined bearings 

 2 springs 

 Handle and bolt are same part made by AM 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 Pin through the bolt with ring pushes the springs 

 The box has an inside cover to allow the assemble 

before closing 
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9.   Moves in and out 

 Use of 2 non-machined bearings 

 1 spring not aligned (possible to add another on the 

other side) 

 Handle is a long part which is attached to the bolt 

through a glued pin 

 Angle in the tip of the bolt allows the window to close 

 The box has an inside cover to allow the assemble 

before closing 

10.  
 Moves in and out 

 Use of 2 non-machined bearings 

 1 spring rolled up along the thinner part of the bolt 

 Handle and bolt are same part made by AM 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 The box has an inside cover to allow the assemble 

before closing 

11.  
 Moves in and out 

 Machined bolt 

 2 non-machined bearings 

 Pin through the bolt pushes the spring 

 Handle made by AM is fixed and glued to the bolt 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 The box has an inside cover to allow the assemble 

before closing 

12.   Moves in and out 

 Use of 2 non-machined plain bearings 

 1 spring rolled up along the thinner part of the bolt 

 Handle is fixed and glued to the bolt 

 Angle in the tip of the bolt allows the window to close 

 Geometry of the box and handle allows to rotate and 

stay open 

 The box has an inside cover to allow the assemble 

before closing 

Table 5-5: Concepts generated 
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With the development of concepts and ideas, some common features started to appear. It was 

possible to isolate some subproblems individually which can be applied to many concepts. However, it 

is important to reach a compromise between trying to solve every subproblem individually leading to a 

final product and combining all possible features to have several concepts. If the first will prevent the 

emergence of possible concepts and new ideas worth exploring, the second will end up with worthless 

concepts that are immediately excluded by key features. As part of clarifying the process, as 

suggested in (Ulrich and Eppinger 2011), it was important to identify critical subproblems. Some 

identified relevant subproblems are explained in the next sections. 

5.6.1. Mode of installation 

As shown in Table 5-2 (table of needs), the installation process is very important for Boavista, is seen 

as a main concern. For that reason, the position of how the lock is to be installed and to work on the 

EMW was identified as an important subproblem. From the gathered ideas it was possible to identify 

three basic options of how the lock could be installed, which are presented below in Table 5-6. The 

handle is customizable, so can take any desired form, the important issue addressed is where the lock 

is installed and how it keeps the window closed. 

a) Option 1 b) Option 2 c) Option 3 

 
  

 

 

In option 1 the lock is installed in the outer part of the frame and enters the stile from the side. The 

movement of the lock can be in and out or up and down or even rotational. In the second concept the 

lock is supposed to enter the stile from behind. For that to happen however, it has to be installed in the 

illustrated part of the frame where presumably can be wall, if the frame is embedded in the wall, which 

is not convenient. The third concept has parts installed in both the frame and the stile. The locking 

connection is made on the outside. The issue here can be the installation on the stile, as the depth is 

small to reach the glass and it can hinder the process. 

These options were evaluated for being easy/ simple to install and for the aesthetic appeal of the basic 

geometry in the context of the minimal style of the window. Using a simple concept screening, which is 

presented in Table 5-7, the preferred option was identified. A rating of 1 to 3 was used, where 1 

stands for negative, 2 for neutral and 3 for positive. 

 

Table 5-6: Possible set-ups of the lock on the EMW 
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Table 5-7: Concept screening for the setting of the lock 

 

The clear winner was option 1, where the lock is installed in the outer part of the frame and enters the 

stile through a hole. Option 2 was considered the weakest in terms of installation, as there could be 

wall where the lock is set up. Option 3 could present problems in installing the part in the stile of the 

window, due to lack of space and the inner surface being in contact with the glass. Also, aesthetically 

it was considered less appealing. 

 

5.6.2. Springs 

Another important subproblem identified was the non-metallic springs. It is a vital component of the 

lock which contributes strongly to the ergonomic feel and also to allow the window to close. It is 

important that the spring has an adequate force constant and durability. Some types of springs were 

considered, including injection moulded springs (Figure 5.9 A), AM made springs (Figure 5.9 B), 

machined springs, urethane springs and rubber bands. 

The injection moulded option was limited to the existing sizes and spring constants that the two brands 

considered had available (Lee Spring and Chemis). Although they had a considerably high price, it 

can be lowered by buying more quantity. The machined springs are custom made. The problems with 

this option were the overall size of the spring and the extremely high cost. The AM springs presented 

poor response and reliability. The urethane springs had a very high spring constant (this type of non-

metallic spring is usually used for stamping). For the rubber bands the main problems was regarding 

their reliability. 

 

 

 

 

 

 

A concept scoring matrix was used to address the available options. Ratings from 1 to 5 were given to 

each option in relation to each selection criteria, which were the needs affected. The matrix is 

presented below in Table 5-8. 

B A 

Figure 5.9- A) LeeP Plastic Composite Springs; B) AM spring made on the Mark Two printer 
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The two brands of injection moulded springs were the only options who didn’t fail in any criteria, but 

Lee springs had a better rating due to the more appropriate spring constants available. A plastic spring 

from Lee Spring was therefore chosen, with a declared spring constant of 1.02 N/mm. 

 

 

 

 

 

 

 

5.7. Concept selection 

Most concepts presented in concept generation can adapt features from others, meaning that with 

these 12 concepts it would be possible to change features on some of them and create several more. 

Making a concept scoring matrix is a method intended to identify the most promising concept, whilst 

also assessing the strong points in each option. Sometimes a high scoring concept can adapt a 

feature from another and become even better. The convergence of concepts resulting from this 

process allows checking the limitations to validate and adjust the initial specifications. The House of 

quality could be an important tool on the process of identifying areas to improve: for example metrics 

with high importance and low difficulty to achieve are ideal to improve a concept. 

A concept scoring matrix was therefore created, to evaluate concepts and narrow the options. Some 

needs were excluded from the selection criteria as they were considered the same for all the concepts 

and didn’t make sense to rate. For example the finishing of the parts wouldn’t change from concept to 

concept.  

In Table 5-9 is presented the concept scoring matrix with the results. Concepts number 10 and 12 

were found to be the most promising with the same score, the difference being number 10 higher rated 

at the selection criteria rigid and number 12 higher rated at the selection criteria small. At first, concept 

number 10 had the same rating regarding the size, but after a first test prototype, it revealed it had to 

be bigger, rapid prototyping providing a way to correctly assessing concepts. Concepts number 3 and 

8 come afterwards. Number 3 main limitations is the size the spring, which would have to be big and 

have a spring constant higher than desirable affecting the ergonomic feel too. For number 8, the fact it 

has 2 springs make it a bigger model and also more expensive. 

Table 5-8: Concept scoring of spring options 
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Table 5-9: Concept scoring 
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Concepts 10 and 12 were kept under consideration for tests and setting of final specifications. In the 

case of number 12 it was also considered a different geometry of the fitting part between the parts 

handle and bolt, similar to that feature in concept 9, if it was necessary to add fibre. 

 

5.8. Printing of the Lock 

The two concepts considered for further investigation and testing have the same structure of parts. 

They both have a box or housing which will have customizable geometry on the exterior as well as a 

lid on the bottom that fits the housing. The main difference is that in concept 10 the handle and the 

latch bolt are the same part and in concept 12 they are two different parts which are fixed together 

using a fixing. For clarification from this moment forward the two common parts will be called housing 

and lid, while in concept 12 the part with the handle will be called handle and the part with the latch 

bolt will be called bolt, and in concept 10 the part that contains the handle and the bolt will be called 

handle bolt. The orientation of printing of these parts is presented below in Figure 5.10. 

 

 

 

 

 

 

For a FDM process orientation is of main importance when printing a part, because of the placement 

of supports, consideration of finishing and strength of the part. For a simple prototype illustrating 

function, the orientation of cylindrical parts is usually on the vertical position. This would make the 

circular section more geometrically accurate and with better finishing, but it would also decrease its 

resistance to shear and tensile forces (illustration in Figure 5.11), which are in the specifications of this 

product. Not only would it be weaker, dependent on the bonding strength between layers, but it could 

not be reinforced with fibre as it is deposited by layers as well. It was therefore decided that this parts 

would be printed horizontally.  

 

 

 

 

Another aspect to consider is the angled section on the tip of the bolt or handle bolt. This section 

should be as smooth as possible and also resistant to impact, so when the stile hits (window closing), 

Figure 5.10- Orientation of Printing: A) Handle, concept 12; B) Bolt, concept 12; C) Handle Bolt, concept 10 

A B C 

Figure 5.11- Cylindrical part vertically printed with forces on the specifications 
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it slides on it and pushes the entire latch bolt back. Hence the orientations in Figure 5.10 B) and C). 

Figure 5.12 illustrates how a different horizontal orientation could cause weaker and rougher surface 

on the angled section. 

 

 

 

 

 

 

Because surfaces with supports present poor finishing and sometimes inaccurate dimensions, leaving 

excess material, a small cut was added to the design on those surfaces. It still needed post-processing 

for good functionality, but this design adaptation illustrated in Figure 5.13 helped correct the geometry 

anomalies caused by the supports on the cylindrical surfaces. 

 

 

 

 

 

 

In concept 12 the fitting also had to be adjusted to this orientation. For the parts to fit well, a good 

finishing of the surfaces was important, and the dimensions are small which makes it difficult to sand. 

So in the handle (Figure 5.10 A) the chosen orientation allows for a better finish in the wall and roof of 

the fitting, which will be in contact with the female part of the bolt. The bottom part has supports and 

will have a poorer finish, but will not be in contact with anything. For the bolt (Figure 5.10 B) the 

orientation provides a good finish to the floor and walls of the fitting. 

For the housing, both concepts will be similar in terms of orientation. The most important factors are 

the finishing and geometrical accuracy of the holes for the plain bearings and for the screws. Another 

related factor is the embedment of the nuts. The orientation presented in Figure 5.14 A) allows to 

stopp the print in a layer where the nut can be put in place and the machine can subsequently carry on 

printing above it. This factor contributes to the aesthetics of the product, allowing for a continuous 

exterior surface, by taking advantage of this characteristic possible in the present technology. 

Figure 5.12- Representation of layers in angled section in horizontal but unwanted orientation 

Figure 5.13- A) Effect of support on geometry of cylindrical surfaces printed horizontally; B) Design 
adaptation to correct geometry 

A B 12 mm 

12 mm 
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In Figure 5.14 B), is indicated the layer where the print stops. Two nuts are then placed in the 

respective space and the print is allowed to continue. It is important to note the 30º roof of this blind 

hole. It was designed so that the Eiger software does not create supports in the “floor” of the space for 

the nut, at the same time it gives some clearance space for the tip of the screw. Regarding the 

mechanical efforts, longer screws could be chosen in order to reach the layers where forces will be 

applied. This would however make the housing bigger and less aesthetically pleasant, and the 

mechanical tests revealed it was not necessary, as the housing withstood all the required efforts. 

Although the housing in concept 10 has some differences in geometry, the orientation is the same and 

the feature to embed nuts is also there. 

 

 

 

 

 

 

 

 

The lid follows the same orientation of the housing, presented in Figure 5.15. Since both the holes and 

walls will have to be aligned with the housing it makes sense to print both parts in the same 

orientation, with the best possible geometric accuracy. Also, this orientation reduces the use of 

supports for this part. Moreover, the part will be compressed by the force applied by the screw, limiting 

any possible shortcomings due to strength in the vertical direction. Additionally this orientation allows 

for a concentric reinforcement with continuous fibre, around the central hole where the latch bolt will 

go through and the screws holes. Reinforcement however, is only applied if justified by the results of 

the mechanical tests. 

 

 

 

 

 

 

 

Figure 5.14- Concept 12 housing: A) Print orientation; B) Cross-sectional view with stopage layer 

A B 

Printing 
pauses 

Figure 5.15- Print orientation of the lid (concept 12) 
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The four small bosses coming out on the top of the lid are a feature to help the spring always stay 

centred. Once again was taken advantage of the easiness and low cost of adding personalized or 

complex geometries. 

All parts were printed with the settings pre-determined by the Markforged software Eiger, with layer 

height of 0.1mm, triangular fill pattern, 50% fill density, 4 roof and floor layers and 2 wall layers. The 

housing and lid of both concepts was printed with brim to reduce the probability of warping and the 

bolt was printed with “raise part”, because it is a cylindrical shape and benefits from the supports 

instead of a flat surface underneath. 

5.8.1. Other considerations related to the printing process 

It is useful to note some factors of the printing process which affected the quality of the prints. The 

first, more prominent factor was to do with the raw material. The nylon filament in the laboratory 

tended to absorb moisture, even inside the isolating box that comes with the machine. After around 3 

weeks of being opened for the first time, the prints started to gradually lose quality, with the 

appearance of little burrs or sometimes small holes as it deteriorated. A way found to counter this was 

to heat the nylon filament in a stove. This counter measure resulted well, however the nylon filament 

can become too dry and that fact cause some layers to not bond well locally or originate a bit of 

warping. 

Another common difficulty associated with AM and FDM process specifically is the accuracy of small 

features or features with small dimensions. Although the Eiger software does not allow controlling time 

between layers, printing more than one part at the same time would increase this parameter, which 

contributes to better accuracy and finishing in small features. The longer time allows the material to 

solidify in place, before another layer is deposited. This revealed to be useful for the printing of the 

fittings of the handle and bolt from concept 12. 

5.9. Testing and setting final specifications 

With the produced prototypes it was possible to conduct tests and assess if the target specifications 

were accomplished, possibly identifying limitations and areas of improvement. The design related 

specifications, which had a binary target, were accomplished on both concepts. Otherwise they would 

likely do poorly on the concept scoring. 

Regarding friction, there is not a practical way to measure this metric. However, the use of low friction 

plain bearings, along with sanding of the 3D printed parts where necessary and also the existence of 

clearance between the bearing and the parts, guarantees a good ergonomic feel to the product. 

The spring selection process was presented above in section 5.6.2 and it was possible to select a 

spring with the target spring constant. 

The metric outside volume has different values in the two concepts. It was expected that one concept 

would be more rigid and bigger and the other more lees rigid and smaller. The specifications related to 
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rigidity are presented further ahead in section 5.9.2. The values for the metric outside volume are 

presented below on Table 5-10.  

For the metric UV resistance there was not also a practical way to measure. It was considered the 

application of UV and moisture protecting coating. In the future, new materials or addition of UV 

stabilizers to the filaments could make unnecessary extra protection. 

For the metric time to produce was considered the time of printing in the Mark Two machine. For 

concept 10 a production time of 14.60 hours (14h36min) was obtained for one lock, whilst for concept 

12 the time obtained was 11.35 hours (11h21min) also for one lock. Even though the concepts have 

different values for this metric, both concepts comply with the specification of being produced in 1 day. 

The metrics time to assemble and number of parts are assessed together. Although concept 12 has 

one more part than concept 10, the need to roll up the spring on the handle bolt with limited space 

actually makes concept 10 slightly harder to assemble which results in taking a slightly longer time. So 

concept 10 has a slight advantage here, despite not complying with the specification number of parts. 

The installation is equal for both concepts and is easy and within the specification, as it should be 

since it was addressed as a critical subproblem. Both concepts have two screws and three holes need 

to be made in the frame, two for the screws and one for the latch bolt. An additional hole needs to be 

made on the stile of the window as well, for the latch bolt. 

A summary of the specifications already addressed which presented different values for the concepts, 

is presented below in Table 5-10. 

 

  
Outside Volume 

(cm³) 
Time to produce 

(h) 
Time to assemble 

(min) 
No. of parts (list) 

Concept 10 64 14.60 5 3 

Concept 12 58 11.35 3 4 

Table 5-10: Specification differences in the concepts 

 

5.9.1. Finishing 

The metric roughness is related to the good finishing of the part. The finishing “out of the printer” is 

generally good on the bottom and top faces of the parts (relative to the orientation of printing) and 

satisfactory only on the other (lateral) faces, with the layer effect able to be seen. Also some localized 

imperfections/burrs occasionally appear. 

With the help of sanding and painting, improvements were obtained in the finishing of the parts. 

Regarding the sanding, the use of a rotary tool revealed to be very helpful in speeding up the process 

and reaching better quality. Due to the higher speed of contact with the part, the rotary tool produces 

fewer burrs leaving a smoother surface, while sanding manually tended to crumble the material. 
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A rugosimeter was used to assess the roughness of the surfaces on a part without any post-

processing (Figure 5.16 A) and a part sanded with the rotary tool and painted (Figure 5.16 B). The 

results showed a significant improvement from a measured Ra of 9.9 µm in the first part to a 

measured Ra of 1.4 µm in the second, corresponding to ISO grade numbers N10 and N7 respectively.  

 

 

 

 

 

 

 

 

A heat gun was also tried, but unlike the smoothing effect it had on other printed materials like ABS 

and PLA, on the nylon some bubbles started to appear, having a reverse effect of what was intended. 

Also, the heat created a bit of warping. This is still one metric that it wasn’t possible to get as good 

results as it probably would with another process like injection moulding. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17- Small bubbles appear in the surface after using a heat gun 

Figure 5.16- Measuring of roughness of A) part with no post-processing; B) part with sanding and painting 

A B 
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5.9.2. Mechanical tests 

To address the specifications related to the mechanical performance, some tests were carried out. To 

that end, prototypes were used and jigs produced to use in the Instron 3369 machine in the laboratory. 

 

5.9.2.1. Tensile test 

The first test was a tensile test where the lock was attached to a support with the use of two metallic 

screws and nuts. The apparatus is shown in Figure 5.18. Two hinges with drilled holes were locked in 

the lower pneumatic grip, whilst advantage was taken of the AM process to manufacture a long handle 

which was pressed in the also pneumatic upper grip. Both concepts for this test had no fibre 

reinforcement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The handle was pulled up at constant rate, while values for distance and force applied were 

automatically recorded. This test was designed to test the fitting part of concept 12, the section with 

the shoulder (change of diameters) of concept 10 and at the same time the housing of the lock, which 

was printed in the vertical orientation, and therefore its strength in the testing direction was dependent 

on the bonding strength between layers. To simulate the spring in the mechanism, parts were printed 

with the dimensions of the spring when fully compressed, which happens at approximately 20 N. 

  

Figure 5.18- Apparatus of tensile test 
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The housing withstood both tests and as expected, concept 10 was able to withstand more pulling 

force before yielding than concept 12. Figure 5.20 presents the load and displacement recorded for 

concept 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Concept 10 yielded at a load of approximately 203 N with a displacement of 2.6 mm. It reached a 

maximum of 360 N, a point where the parts simulating the spring detached and the test was finished 

as the handle bolt was clearly deformed, as can be seen in Figure 5.21. 
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Figure 5.19- Handle and latch bolt in tensile test: A) Concept 10 with just one part; 
B) Concept 12 with two parts with a fitting 

Figure 5.20- Force and displacement graph of tensile test to concept 10 made only with nylon 

2.6; 203 
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Concept 12 yielded at approximately 192 N with a displacement of 3.1 mm and it reached a maximum 

of 254 N. Figure 5.22 presents the load and displacement recorded for concept 12. 

 

 

 

 

 

 

 

 

 

 

 

 

For concept 12 the test proceeded until actual failure, the handle disconnected from the bolt and came 

out intact (Figure 5.23 A). The failure occurred in the bolt, on the female part of the fitting. It 

delaminated between the superior layer of the floor and the next layer, as seen in Figure 5.23 B) and 

C), probably due to the stress concentration caused by the geometry of the fitting as well as the 

weaker bonding strength between layers when compared to strength in the x-y plane of printing of the 

part. 
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Figure 5.21- Plastic deformation on handle bolt of concept 10 

Figure 5.22- Force and displacement graph for tensile test of concept 12 with nylon only 
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Both concepts were able to surpass the target specification for this test and therefore do not need 

reinforcement. A further calculation was carried out to calculate the safety factor in both cases. The 

values are presented below in Table 5-11. 

 Tensile test Target Specification n 

Concept 10 203 N 140 N 1.45 

Concept 12 192 N 140 N 1.37 

Table 5-11: Safety factor for pulling force 

 

5.9.2.2. Cycle tests 

A cycle test was performed with the goal to assess durability, as the specification was set for 50 000 

cycles. A part was printed to simulate the geometry of the EMW with a 2 mm filleted edge and was 

then attached to a plate with the use of a screw. With the lock placed horizontally, the plate with the 

attached part went up and down for cycles, forcing the lock to open and letting it close. This test was 

performed only with concept 12, as the parts in contact were identical. The apparatus of this test is 

presented in Figure 5.24. 

 

 

A 

B 

C 

Figure 5.23- A) Handle part comes out intact; B) Delamination: failing between layers; C) Deformed part 
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5.9.2.3. Bending test 

In this test the lock was attached to a plate, with a hole for the lath bolt to go through, as if it was the 

frame of the window, simulating real conditions of installation. A second plate with also a hole for the 

latch bolt, simulated the moving stile of the window. With the bolt through the hole of both plates, the 

movable plate moved upwards, applying force as if someone was trying to open the window with the 

lock closed. Figure 5.25 shows the apparatus of this test. 

 

 

 

 

 

 

 

 

 

 

 

The distance from the end of the lock to where the force was applied was the same as it would be in 

the EMW, although the holding plate is thinner than the frame of the window. In this test the concepts 

produced different results. However it wasn’t due to the concept itself, but due to how the plates were 

mounted. In the first test, of concept 10, the moving plate was locked in the pneumatic grip with a 

bigger distance from the grip to the hole where the bolt went through. As a result, when the bolt started 

to deform, the pulling plate had a bigger lever which allowed for some deflection. In the second test, 

Figure 5.25- Apparatus of bending test 

Figure 5.24- Apparatus and sequence of cycle test 



55 
 

that distance was reduced forcing the plate to stay closer to the lock. The bigger distance from lock to 

moving plate in the first test produced more bending moment and stress on the bolt, which accounted 

for an earlier failure. Figure 5.26 illustrates the referred distances. 

 

 

 

 

 

 

 

 

 

 

 

A point of interest was to check if the section with the shoulder in the handle bolt (concept 10) and the 

section with the fitting of the bolt and handle (concept 12) were damaged in the test, and they didn’t 

present any difference after the test. The section of the bolt in contact with the plates, from both 

concepts, suffered severe deformation without ever actually breaking, as can be seen on Figure 5.27. 

 

 

 

 

 

 

 

 

Due to the described conditions, concept 12 reached the higher yield strength in this test. It yielded 

with an applied force of approximately 212 N at a displacement of 1.8 mm. Figure 5.28 shows the load 

and displacement recorded for concept 12. This value was below the target specification, implying the 

need for fibre reinforcement. Another point of interest was to see if there was any damage in the 

Figure 5.26- Distance in A) 1st test (concept 10); B) 2nd test (concept 12) 

A 
 

 B 

Figure 5.27- A) End of 2nd test (concept 12); B) Deformed parts after test 

A B 
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housing, lid or bearing, which there was not. Therefore, reinforcement would be needed only in the 

latch bolt. 

 

 

 

 

 

 

 

 

 

 

Since the connection between handle and bolt wasn’t affected, fibre was used to reinforce the bolt 

only. Concept 12 was used for this test, because it allowed testing with deposition of fibre only on the 

bolt part, whereas in concept 10 it would have to be in the handle bolt, which is a bigger part. To 

reinforce the handle bolt, with the options of fibre routing available in the Eiger software, the all part 

would be reinforced in the chosen layer, including sections which don’t need reinforcement, like the 

handle. 

So a new bolt (concept 12) was printed, reinforced with two concentric rings of continuous fibreglass in 

6 layers, together 2 by 2 as shown in Figure 5.29. This routing of fibre was based on advice from the 

Markforged forum. With the defined orientation of the part, concentric rings will increase strength 

against bending around the z axis (vertical axis of printing). Also, they will strengthen the surface 

which suffers the impact when the window is being closed. Moreover, a concentric ring uses less 

amount of fibre than an isotropic fibre layer. Actually when isotropic fibre is chosen, the software Eiger 

automatically puts 2 concentric rings in that layer, to ensure good geometry and finish. 
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Figure 5.29- Fibre routing: A) 3D view of part in Eiger; B) 2D view of layer in Eiger 

Figure 5.28- Force and displacement graph for bending test of concept 12 with nylon only 

1.8; 212 
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The same test was again performed, and the results show that the force increased much faster with 

the displacement than with the nylon only parts (higher elastic modulus). As shown in Figure 5.30, the 

test stopped with the force of approximately 500N applied, which was the maximum for the load cell 

being used, at a displacement of only 2 mm. Yield load was found to be 342 N, at a displacement of 

1.2 mm, resulting in a safety factor of       . It was considered unnecessary to do further tests with 

a different load cell and higher forces, since it easily complied with the target specification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the graph a slight curve is noticed, between 350 and 400 N suggesting yield. Visually inspecting the 

part it comes back to the original shape, but has a small indentation on the nylon surface which would 

be in contact with the fixed metal plate, which is probably responsible for the slight curve in the graph. 

In the actual window the fixed frame wouldn’t be made of steel, but of a fibreglass composite material. 

 

5.9.3. Binding strength - Number of screws 

The target specification for binding strength is the necessary to withstand the loads defined regarding 

the specifications. It was chosen to use screws, due to its simplicity, reliability and low cost. 

Calculations need to be made to find the size of the screws and/or how many screws are needed. The 

fewer screws and the smaller they are, the smaller it will allow the lock to be in terms of volume. PVDF 

(polyvinylidene fluoride) screws [43] were considered for their strength and toughness as well as their 

resistance to conditions. The starting point considered was two centred M5 screws. Because both 
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Figure 5.30- - Force and displacement graph for bending test of concept 12 with continuous fibreglass reinforcement 
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screws are centred and have the same distance to the latch bolt, the loading is the same for both 

screws.  

The first step will be to determine the loads applied on the screws, resulting from the two scenarios 

represented in the specifications – pulling the handle (140 N) and trying to open the window when the 

lock is closed (222 N). The calculations were made for concept 12. In Table 5-12 below are 

represented the joint with the lock and frame of the window, along with the formulas from (Nisbett and 

Budynas 2011) for the loads on the screws. [44] 

 

a) Pulling force on the handle 

        

  
 

 
 

            
     

   
 

 

 
Eq. 1 

 
 

Eq. 2 

 

 

b) Force applied on the latch bolt 
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Eq. 4 

 

 

Eq. 5 
 

 

Eq. 6 
 

 

 

Table 5-12: Forces on the screws for the two loading cases 
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In the formulas,   is external force applied,   is the external tensile load per screw,    is the external 

shear load per screw,   is the number of screws in the joint,    is the proof load,    is the preload,   is 

the joint constant,   is the moment arm,      is the moment load or secondary shear,   is the distance 

from the hinge to the screws,    is the direct load or primary shear and    is the friction factor. 

To calculate    and    a value of tensile strength at yield was used [45], followed by two more formulas 

[44]:  

               Eq. 7 

 

             (Reusable fasteners) Eq. 8 

 

New formulas also had to be used to calculate the joint constant,  : 

  
  

     
 

Eq. 9 

   
    

  
 

Eq. 10 

   
     

     
     

Eq. 11 

   
            

   
                   
                   

 
 

Eq. 12 

 

   is the fastener stiffness,    is the area of threaded portion,   is the elastic modulus of the material, 

   is the length of threaded portion,    the member’s stiffness,    is the stiffness of each member,   is 

the nominal diameter of the screw,   is the smallest value of the frustum outer diameter (assumed 

     [44]) and   is the thickness of the member. 

Applying values for the mentioned two M5 screws, the calculations were carried to find the joint 

constant. 

 
E  

[GPa] 

   

[mm] 

d  

[mm] 

D  

[mm] 

    

[N/mm] 

   

[N/mm] 

   

[mm²] 

       

[GPa] 

   

[mm] 

   

[N/mm] 

  

Lock 0.94 16 
5 7.5 

6990 
6686 14.2 2.24 22 1446 0.178 

Frame 15 6 153462 

Table 5-13: Calculation of the joint constant 

 

Values were inserted to find the loads applied on the screws as well. 
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 F [N] N a [mm] s [mm] M [Nm] P [N] Ps [N] 

Scenario 1 – pulling force 140 2 - - - 70 - 

Scenario 2 – force on latch bolt 222 2 7 14 1.554 55.5 111 

Table 5-14: Loads on screws 

 

And using the values of force for  tensile yield strength of the PVDF screws [45], the joint was verified. 

     [MPa]   [N]   [N]      

Scenario 1 – pulling force 

42 507 380 0.3 

5.1 

Scenario 2 – force on latch bolt 
0.9 

Table 5-15: Safety factor calculations 

 

Although in scenario 1 the safety factor of 5.1 is appropriate, the safety factor value of 0.9 for the 

combined loading in scenario 2, indicates that two M5 PVDF screws were not adequate to this joint 

and loading case. If the same type of screws was to be used, then the option was either to increase 

the number of screws or increase their dimension. Increasing the number of screws would require 

more space in the lock (making it bigger) and would also be costlier. Therefore the approach taken 

was to increase the size (diameter) of the screws. An analysis with the repeated calculations was 

carried for the next standard size of Metric screw threads and is presented below in Table 5-14. The 

calculations were only repeated for scenario 2, since for scenario 1 the M5 screws were already 

compliant and the safety factor would only increase. 

d [mm]   [N]   [N]     

M6 718 538 0.196 1.30 

Table 5-16: Safety factor for bigger screws 

It is possible to see that the M6 screws comply and have a safety factor of 1.3. This is the lowest 

safety factor of the calculated conditions and therefore makes loading scenario 2 of the screws the 

critical loading case of this product. 
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6. Production costs 

This chapter has the main objective of determining the final specification of the unitary cost for the 

product. The sources and formulas considered are presented, as well as the measurements taking 

during the production of the prototypes. Additional analysis are carried in relation to dedicated or non-

dedicated equipment with varying levels of production, to different printers and materials and to a 

different method of production – injection moulding. 

6.1. Structure of costs 

In Figure 6.1 is presented the structure of the costs for the production of the lock. For each source, the 

formulas applied will be presented, as well as the values used for the calculations. The sum of all the 

parcels calculated for each source will result in the final unitary cost. 

 

 

 

 

 

 

The model is based on bibliographic research on production costs [46][47], data from representative 

suppliers of Markforged in Portugal and Boavista windows, and measurements taken in the production 

process of the prototypes. 

6.1.1. Cost of Equipment  

The cost of equipment per unit is calculated using Eq. 13, which multiplies the hourly cost of the 

equipment by the hours of production of a unit. 

                
          

        
   

 

          
       Eq. 13 

 

 

In this equation,        is the cost of acquisition of the machine Mark Two,       is the productive 

days of the year,      is the productive hours of the day,   is the opportunity cost,   is the 

depreciation time in years and       is the hours of production of one unit. Theoretically the Mark 

Figure 6.1- Sources of cost 

Annual cost of equipment Annual productive hours 
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Two could work close to 24 hours per day, however to have a more realistic model it was considered a 

standard productive time of 9 hours per day (corresponding to the daily working schedule of the 

company from 9h to 18h), 250 working days per year, a depreciation time of 5 years for the machine 

and an opportunity cost of 10%. The cost per hour of equipment is presented below in Table 6-1 and 

the unitary cost for the concepts considered will be presented further ahead in section 6.2. 

       (€)       (days)      (hours)     (years)       (€/hour) 

14 326.6 250 9 0.1 5 1.68 

Table 6-1: Cost per hour of Equipment 

 

6.1.2. Cost of raw material 

The raw material comes in the form of spools which are sold by volume (cm³). The cost of raw material 

per unit is calculated in Eq. 14, by multiplying the cost per unit of volume of each material by the used 

volume of the same material. 

     
      

      
       Eq. 14 

 

In the equation,        is the cost of a spool of material,        is the volume of the spool and       is 

the volume of the same material used in the production of one unit. The values of cost and volume for 

the respective materials are from Markforged authorized reseller in Portugal. The cost per unit of 

volume of the materials used is presented below in Table 6-2 while the unitary cost of raw material for 

each concept will again be presented further ahead in section 6.2. 

             

(€) 

             

(cm³) 

        

(€/cm³) 
          (€)           (cm³) 

             

(€/cm³) 

182 800 0.228 242 150 1.613 

Table 6-2: Cost per cm³ of raw materials 

 

6.1.3. Cost of Energy 

Due to the manufacturing process being the same as of the prototyping, it is possible to take fairly 

accurate readings of energy consumed in production. Therefore the cost of energy per unit will be the 

price per KWh that the company pays to the suppliers multiplied by the energy consumed during the 

production of one unit, as described in Eq. 15. 

                    Eq. 15 
 

In the equation,      represents the cost of energy per KWh (0.10€/kWh) and       represents the 

energy consumed in the production of one unit.  
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6.1.4. Purchased parts 

Although the majority of the lock will be produced by the Mark Two, some additional parts are required 

and purchased to other companies – spring, plain bearings and screws. Each lock requires one spring, 

two bearings and two screws, as described in Eq. 16, used to calculate the cost per unit of the 

purchased parts. 

                                    Eq. 16 

 

In the equation,         represents the cost of one spring,          represents the cost of one bearing 

and        represents the cost of one screw. Because these parts will be the same for every lock and 

are small, easy to store in any convenient drawer or small box, it was considered the order and stock 

of parts enough for 100 locks. By ordering for this amount, it is possible to obtain lower prices paid for 

each part. The price for each part in those orders and total cost of the parts for one lock is presented 

below in Table 6-3. 

        (€)          (€)        (€)         (€/unit) 

6.348 0.40 0.37 7.9 

Table 6-3: Cost of purchased parts 

 

6.1.5. Cost of labour 

The cost of labour per unit is calculated by multiplying the hourly cost of a worker to the company by 

the time in hours the same workers spend with the production of one lock, as represented in Eq. 17. 

      
                          

               
       Eq. 17 

 

       is the monthly salary,      is the number of salaries per year,      is the social contribution, 

       is the lunch allowance,       is the working days in a year,      is the working hours per day, 

   is a productive factor and         is the time in hours spent by the worker for one lock. The formula 

will be applied twice, for a worker who assembles, sands and paints, and for another specialized 

worker who presumably learns to work with the printer to put the parts on the software, chose the 

parameters and order the prints. These two workers have different salaries. In Table 6-4 are presented 

the values used and the resulting cost per unit of labour. 

          
       

(€) 
      

(days) 

     

(hours) 
   

       (€)       (h)      
(€/unit) Worker Spec. worker Spec. 

14 1.23 100 228 8 0.9 550 1000 1 0.17 8.5 

Table 6-4: Cost per hour of labour 
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6.1.6. Cost of post-processing 

For post processing it was considered the need to purchase of a rotary tool, as well as sanders to use 

with the tool, UV coating, paint and glue. The cost of post-processing per unit is calculated in Eq. 18: 

        
         

      
 

        

      
 

           

      
 

      

      
 

     

      
 Eq. 18 

 

Where,           is the cost of the rotary tool,          is the cost of a kit of sanders,             is the 

cost of the coating,        is the cost of the paint,       is the cost of the glue and        is the 

number of units each item is used for. The values used and cost per unit are presented in Table 6-5. 

 Rotary tool Sanders UV Coating Paint Glue 
       (€/unit) 

Cost (€) 30 10 20 5 15 

Number of units 1000 100 20 8 50 
2.06 

Cost per lock (€/unit) 0.03 0.10 1.00 0.63 0.30 

Table 6-5: Cost per unit of post processing 

 

6.2. Measurements and calculation of production costs 

As was stated before, from the production of a prototype, accurate measurements can be made to 

evaluate the production of the product. The measurements made are in terms of time taken to 

produce, energy spent and volume of material used. The time and material used was taken from the 

Markforged software, Eiger, which gives moderately accurate measures of the print jobs done in the 

machine. For the energy consumption, an energy consumption meter was used (Figure 6.2 A). It was 

directly connected to the machine and provides access to readings online (Figure 6.2 B). This was an 

appropriate solution for a desktop machine which is plugged into a regular (220V) power socket. 

 

 

 

 

 

 

 Figure 6.2- A) EnergyOT - energy consumption meter; B) Graph accessed online with the 
detailed energy consumption 
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Table 6-6 presents the measurements obtained for the concepts:  

 Nylon only Nylon + Fibreglass 

 Concept 10 Concept 12 Concept 10 Concept 12 

Total energy 
consumed (KWh) 

2.298 1.839 2.590 2.156 

Total volume 
nylon (cm³) 

58.88 40.40 61.48 41.42 

Total volume 
Fibreglass (cm³) 

0 0 0.13 0.05 

Total printing 
time (h) 

13.52 10.82 14.60 11.35 

Table 6-6: Measurements 

 

It is worth noting that the nylon + fibreglass prototypes use more nylon than the nylon only prototypes. 

This is because before and after layers with fibre, the machine prints full layers of nylon, instead of the 

triangular fill pattern used in the nylon parts. Below, Table 6-7 presents the production costs obtained 

based on the formulas and measurements presented. 

 Nylon only Nylon + Fibreglass 

Costs 
Concept 10 

(€/unit) 
Concept 12 

(€/unit) 
Concept 10 

(€/unit) 
Concept 12 

(€/unit) 

Equipment 22.7 18.2 24.5 19.1 

Raw Material 13.4 9.2 14.2 9.5 

Energy 0.2 0.2 0.3 0.2 

Purchased parts 7.9 7.9 7.9 7.9 

Labour 8.5 8.5 8.5 8.5 

Post Processing 2.1 2.1 2.1 2.1 

Total 54.7 € 46.0 € 57.4 € 47.2 € 

Table 6-7: Total cost per unit of concepts 

 

6.3. Non-dedicated equipment – sensitivity analysis of productive hours 

For the cost calculation, the machine was considered as non-dedicated because it would also be 

available to be used for different products. A standard productive time of 9 hours per day was 

considered for 250 working days making up a total of 2250 hours per year. However, this time is 

actually variable and is dependent on the production of the lock and of other parts or products. For 

example on a day when a lock is produced, the productive hours of the machine will be at least 11.35. 

It could even be more if two locks were produced in the same day. On the other hand, some days the 

machine could not be used at all, having no productive hours. Thus, for a fixed annual production of 
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the lock, the work done by the machine on other activities will affect the cost per hour of the machine 

and hence the unitary cost of the lock.  

The graph of Figure 6.3 shows a sensitivity analysis performed to the impact of the difference in 

productive hours per day on the unitary cost of the lock (concept 12 with fibre), starting at 6 productive 

hours/day all the way to 23, which would approximately reflect the production of two locks per day. 

 

 

 

 

 

 

 

 

 

 

By increasing productive hours from 9 to 12 hours per day, illustrating the production of one lock every 

day, the unitary cost could be decreased by 10.1% from 47.2 to 42.4 € per unit. The minimum unitary 

cost achieved, for a considered 23 productive hours per day would be 35.6 €/unit, 11.5 € (24.6%) less 

than the calculated value. While the unitary cost tends to stabilize with the increase in productive 

hours, it increases exponentially with the decrease of the same factor. 

6.4. Dedicated equipment – sensitivity analysis to annual production 

The machine would be dedicated to this process if it was the only product it produced. In this case the 

cost of equipment doesn’t take into account the productive hours and days, but the annual production. 

Eq. 19 gives the cost of the equipment per unit in a process with dedicated equipment. 

 

This would make sense in a scenario where the production of the lock was high enough to fully occupy 

the machine. Figure 6.4 illustrates an analysis performed on how the unitary cost varies with the 

annual production considering dedicated equipment. It goes from the estimated 100 units per year to a 

     
      

            
     

          

        
   Eq. 19 
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Figure 6.3- Relationship between productive hours and unitary cost 
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maximum of 500 units per year, representing the production of 2 locks (concept 12 with fibre) every 

day for 250 productive days. 

 

 

 

 

 

 

 

 

 

For the estimated annual production of 100 units, the unitary cost with dedicated equipment would be 

65.9 €/unit, representing an increase of 39.7% over the calculated value for non-dedicated. For the 

maximum production of 500 units per year the unitary cost would be 35.7, just slightly above the value 

for non-dedicated equipment with 23 productive hours. This value accounts for two locks per day, 

which would result in two times 11.35 hours of productive time, equalling 22.7 hours, just below the 

mark of 23 hours. 

These two analyses illustrate a limitation and a possible advantage of AM in general. The limitation is 

high cycle time – maximum production of only 500 units per year. And the advantage is the potential to 

extend productive hours close to the 24 hour mark with the machine working unassisted overnight. 

6.5. Alternative production method and comparison – injection moulding 

Boavista windows initially thought of producing this product by injection moulding, before identifying an 

opportunity to manufacture by AM, gaining the added value of customization and also the expected 

cost efficiency for small series of production. It would therefore be of interest to evaluate this claimed 

benefit of AM. Because there is not a final product to compare it against, a quote was asked of Proto 

Labs. The quote was based on three parts similar to the parts of concept 10, with some adaptations to 

the process of injection moulding. The choice of concept 10 was due to having only three parts instead 

of four, which would mean one more mould requiring tooling. The optimization and design for injection 

moulding wasn’t addressed, nor the compliance of any of the specifications. The objective was to have 

a realistic quote that could reasonably be compared with the costs calculated for the AM process. [48] 
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It was considered the acquisition and tooling of the moulds with a depreciation of 5 years and an order 

of 100 units every year for those 5 years, to match the depreciation time considered for the Mark Two 

and the expected yearly production. Eq. 19 was adapted to calculate the annual cost of the moulds as 

was Eq. 17 for the labour cost due to the assembly of the parts. The purchase of a spring and two 

screws were also considered. The quotes received for the injection moulding process are presented in 

Table 6-8 and the costs per unit calculated are described in Table 6-9. 

 Part 1 Part 2 Part 3 Total 

Moulds tooling (€) 3078.00 2064.15 2602.80 7744.95 

Setup (€) 499.50 499.50 499.50 1498.50 

Cost per part (€/unit) 2.32 2.09 2.17 6.58 

Table 6-8: Quotes for injection moulding from [48] 

 

 Annual cost (€) Cost per unit (€/unit) 

Cost of moulds 2002.5 20.025 

Setup 1498.5 14.985 

Cost of production of parts - 6.580 

Purchased parts - 7.1 

Labour - 0.4 

Total - 49.5 

Table 6-9: Cost per unit for injection moulding 

 

The final cost per unit obtained is close to the cost obtained in AM. However, in the AM production 

method there would be the added value of customization and the acquisition of a machine, an asset to 

the company, potentially useful for more purposes. 

6.6. Alternatives within Markforged Additive Manufacturing 

Analysing the unitary cost results, the highest parcel is the cost of the Mark Two. This is due to a high 

cost of acquisition. Thus it is relevant to acknowledge that Markforged have three similar printers, of 

which the higher level and most expensive model is the Mark Two. These three machines, Onyx One, 

Onyx Pro and Mark Two, are identical in everything except for the materials that they can use. But 

because the structure and software are the same, they can actually be upgraded from lower models to 

higher models. Table 6-10 presents the materials available for each printer and the respective price. 

The prices of the Mark Two and Onyx Pro come from Portugal’s authorized Markforged reseller, while 
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a quote for the Onyx One including shipping to Portugal was asked to GoPrint3D, since it wasn’t 

available in the mentioned reseller. Prices include spools of raw material and some replacement parts.  

 Onyx One Onyx Pro Mark Two 

Materials  Onyx 
 Onyx 

 Fibreglass 

 Onyx 

 Nylon 

 Fibreglass 

 Carbon fibre 

 Kevlar 

 High strength high 
temperature fibreglass 

Price (€) 4 938 8 950 14 955 

Table 6-10: Markforged desktop printers with materials and price [49] 

 

Onyx is a filament made of nylon with chopped carbon fibres. Markforged claims it is 3.5 times stiffer 

than nylon with comparable toughness and wear resistance, and the continuous fibres can be used 

with it as well. The micro-carbon reinforcement also contributes to less thermal deformation and faster 

heat dissipation within the material, which results in better dimensional stability. It is, however, more 

expensive than the nylon, which was already considered to have a relatively high price in the context 

of FDM filaments. 

Since the type of continuous fibre used in the lock is only fibreglass, if nylon could be replaced with 

onyx, there could be an opportunity to have an inferior model and therefore decrease the production 

cost per unit. The price of raw material would slightly increase, but a large decrease in the cost of 

equipment would make it worthwhile. The Onyx Pro prints with onyx and fibreglass, but it would even 

be worth to test if the parts made of Onyx instead of nylon would need reinforcement to comply with 

the specifications. In the material properties sheet from Markforged Onyx has a flexural strength of 81 

MPa compared to Nylon’s 32 MPa, so it could comply with the specification without need for 

reinforcement, but would have to be tested. If Onyx was enough to comply, then the decrease of the 

cost of the machine would be even more accentuated, as a machine Onyx One would suffice.  

 Apart from the cost factor, the use of onyx instead of nylon could also have advantages in terms of 

performance, with better dimensional stability and higher stiffness. Other possible advantages of the 

micro-carbon filled material could be to reduce the absorbing of water and the possibility to reduce 

post processing if the final user would like the dark colour (nylon filament produces transparent parts). 

Disadvantages could include a more expensive material for all applications in the printer, dark colour 

parts harder to paint and possibly more harmful to the environment, due to the carbon fibres. Tests 

would also have to be repeated with the new material to determine specifications.  

Focusing just on what could be possible to achieve in terms of cost, the cost per unit was calculated 

using Eq. 13 and Eq. 14 for concept 12 with onyx and fibreglass on the Onyx Pro and just with onyx 

on the Onyx One. For this exercise the volume of onyx was considered to be the same as of nylon and 

all the other costs were considered the same. The results are presented in Table 6-11: 
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Onyx One 

(Material: Onyx) 
Onyx Pro 

(Material: Onyx + Fibreglass) 

Cost of machine (€/unit) 6.0 11.5 

Cost of material (€/unit) 10.3 10.6 

Other costs (€/unit) 18.6 18.6 

Total Cost per unit (€/unit) 34.9 40.8 

Table 6-11: Cost per unit in the Onyx Pro 

 

6.7. General comparison 

For the production of 100 units a year, the calculations showed that the AM process was cost effective 

comparing to injection moulding. However for bigger production series, the process of injection 

moulding tends to be more effective in terms of costs. An analysis was made to the behaviour of the 

unitary cost with the increase of production, comparing the evaluated process of the parts produced in 

nylon and fibreglass on the Mark Two, the more economical onyx only model produced on the Onyx 

One and the model on the injection moulding. To calculate the cost of the Mark Two and Onyx One, 

productive time was increased linearly with the number of units. 

As observed in Figure 6.5, for a production of 200 units, injection moulding becomes the method with 

lower cost per unit, and keeps decreasing. The unitary cost also decreases in both AM machines, but 

more on the Mark Two since the cost of equipment is higher and the same percentage of decrease of 

this cost will lead to bigger decrease in the unitary cost. 
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7. Environmental Impact 

Environmental awareness is an increasingly important issue for the manufacturing industry. With the 

increased awareness of resources depletion and appearance of more regulation regarding the 

environmental impact, companies are becoming ever more aware of the need to develop sustainable 

products. When assessing a method of production, the actual environmental impact is important, but 

also the perception from outside that a company is concerned about the environment. It is therefore 

relevant to study the impact of the AM process used in the production of the lock when compared with 

the considered alternative injection moulding. For this purpose a LCA analysis was performed using 

software Simapro 8, from Pré Consultants.  

In Figure 7.1 is described the general methodology of an LCA. In a brief description: the phase of goal 

and scope definition is where is defined the purpose of the analysis, the intended use of results and 

the study stakeholders; in the phase of inventory analysis data is collected as a process of quantifying 

inputs and outputs of the system; and the phase of impact assessment consists on the assessment of 

results obtained from the inventory, to understand their environmental significance, taking into account 

the existing categories. 

 

 

 

 

 

 

 

 

 

 

7.1. Goal and scope definition 

7.1.1. Goal of the study 

The objective of the study is to evaluate the environmental impact of production of the developed lock 

using the AM process with the different materials considered in section 6.6 (lock made of nylon with 

fibreglass, onyx with fibreglass or just onyx) compared with a more traditional injection moulding 

method. As secondary goal, this study could be used to understand the main factors which make one 

Figure 7.1- Phases of the Life Cycle Assessment 
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method more sustainable than other for a given production series. It is of interest to Boavista 

Windows, as well as for the academic purpose of this master thesis.  

7.1.2. Scope of the study 

Functional unit and reference flow 

The functional unit describes the primary function fulfilled by a system, and indicates how much of this 

function is to be considered in the intended LCA study [50]. For this study the functional unit is one 

unit produced, that is, one lock produced.  

The reference flow is the quantification of the amount of product necessary to fulfil the function. In this 

study, following the logic of the cost model, the reference flow is 100 units a year, during 5 years, 

equalling a total of 500 units. As a sensitivity analysis, it is also investigated the effect of doubling and 

quadrupling the production, resulting in a new reference flow of 200 and 400 units per year, equivalent 

to a total of 1000 and 2000 units respectively.  

Flowchart and System boundaries 

The study uses a “cradle to gate” approach, which is an assessment of a partial product life cycle from 

resource extraction (cradle) to the factory/company gate (before it is transported to the consumer). In 

this case there are two separate systems to be compared, as illustrated in Figure 7.2.  

The first is the AM process where it is considered the raw material and energy used to produce the 

parts, followed by the materials (chemicals) and energy used for the post-processing. 

The second is an injection moulding process. It is considered the materials and machining of the 

moulds and subsequent manufacturing of the parts. Additionally it is considered the recycling of the 

material of the moulds after the manufacturing of the locks, as well as the transport to the company. 

 

 

 

 

 

 

 

 

 
Figure 7.2- Summarized life cycle flowchart 
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Impact categories 

The study deals with the results obtained using the Recipe Endpoint (H) method, which gives the 

cumulative environmental impact of each alternative, with three categories identified – human health, 

ecosystems and resources. 

Assumptions and limitations 

The main limitation is the lack of data for the injection moulding process, since there isn’t one to take 

real measures as with the AM process. For the AM process the data for material used and energy 

consumed were measured from the printer. Regarding the post processing, the composition of a 

coating and paint was considered for use on the same number of units as in section 6.1.6 (costs 

model), and energy was estimated based on the power of rotary tool and expected time of usage. 

For the injection moulding process the logic was the same as in the costs model (section 6.5). The 

volume of the parts produced was considered to be that of concept 10, with three different parts 

constituting the lock. For the moulds, steel P20, a common steel used in injection moulding, was 

considered with an estimation for mass of 150 Kg per mould, based on another thesis [51]. It was 

considered the milling of the volume equivalent to concept 10 and recycling of 100% of the material of 

the moulds after the production of all units of the reference flow. Injection moulding of the same 

volume (concept 10) was then considered with the materials as similar as possible to the AM process, 

nylon 6 for the housing and lid and glass fibre reinforced polyamide for the handle bolt. Because in the 

context of the study the AM process would be carried by Boavista and the injection moulding would be 

carried by another company, it was also considered the transport of the parts for 50 Km to get them to 

Boavista, in a light commercial vehicle. Energy consumptions (apart from the AM process) and 

emission profiles come from the Simapro database Ecoinvent. 

 

7.2. Life cycle Inventory 

7.2.1. AM processes 

Production of the parts 

As said before, three AM models (same process with different materials) were considered for the 

study, all of them referring to concept 12. For the nylon and fibreglass model, the measures of material 

and energy were taken from the actual process. For the model with onyx and fibreglass the volume of 

onyx was assumed to be the same as the volume of nylon, while the volume of fibreglass was kept the 

same and energy consumed too. Lastly, for the model of onyx only, it was assumed the volume and 

energy consumed of the nylon only model studied previously in section 6.2. Based on the specific 

weight of the materials supplied by Markforged, nylon, onyx, fibreglass and carbon fibre, it was 

calculated the weight percentage of nylon and carbon fibre in onyx to be 73% and 27% respectively. 

The mass of material used in each model was therefore calculated using the mentioned specific 
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weights. Table 7-1 shows the material used and energy consumed in the production of each AM 

model, for the functional unit of 1 lock. 

 Nylon + Fibreglass Onyx Onyx + Fibreglass 

Mass nylon 6 [g] 45.56 34.80 35.68 

Mass carbon fibre [g] - 12.87 13.20 

Mass fibreglass [g] 0.08 - 0.08 

Energy consumed [KWh] 2.156 1.839 2.156 

Table 7-1: Materials and energy of the AM processes 

 

Post-Processing 

For the post-processing of the parts, it was considered the chemicals which make up the composition 

of the coating and paint applied plus the energy of the rotary tool. The mass of coating and paint was 

divided by the number of units it would be used for, to correspond to the functional unit. The power of 

the rotary tool is 180 W, and considering its working time to be 0.5 hours per lock results in an energy 

consumption of 90 Wh. The data introduced regarding the coating and paint is presented below in 

Table 7-2. This post-processing data was assumed to be the same for each of the AM processes. 

Acetone 11.79 g 

Toluene 3.65 g 

Propane 3.71 g 

Butane 3.57 g 

Ethyl 3-Ethoxypropionate 1.81 g 

Medium Aromatic Hydrocarbons 0.39 g 

Naphthalene 0.06 g 

Methyl Ethyl Ketone 2.40 g 

Methyl Isobutyl Ketone 0.96 g 

Butyl Benzyl Phthalate 0.18 g 
Table 7-2: Chemicals of the coating and paint for the post-processing 

 

7.2.1. Injection moulding 

Moulds 

For the injection moulding process, machining of moulds is necessary. It was considered three 

moulds, corresponding to three parts produced (concept 10), and each mould requiring 150 Kg of 

steel P20. It was also considered the milling of the mass of steel equivalent to the volume of material 

required for concept 10. 100% of the material of the moulds was considered to be recycled. For the 

injection moulding process the variation in the reference flow (sensitivity analysis) has to be 

considered, as the same moulds will be used for double the production. The data regarding to the 

moulds relative to the functional unit for both reference flows is presented in Table 7-3 . 
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Production of 500 

units 
Production of 1000 

units 
Production of 2000 

units 

Steel P20 [Kg] 2.7 1.35 0.675 

Milling of steel P20 [g] 0.92 0.46 0.23 

Recycling 100% 

Table 7-3: Material and processes of the moulds 

 

Production 

For the injection phase the process considered was that of the Ecoinvent database, with the mass of 

materials equivalent to the volume of the parts of concept 10. These values do not change with the 

increase of production. A volume of 49.07 cm³ for the housing and lid results in 56.43 g of nylon 6, 

whereas a volume of 9.81 cm³ for the handle bolt equates to 13.05 g of glass fibre reinforced 

polyamide. 

Transport 

For the transport it was considered a distance of 50 km from the factory to the company. Each lock 

has a total mass o 69.48 g (0.06948 Kg), so a value of 2.82 Kg.Km was obtained. This value was 

introduced in the software and it was assumed the transport was done by a light commercial vehicle 

from the Ecoinvent database. 

 

7.3. Life cycle impact assessment results 

In Figure 7.3 is presented the single score obtained from software Simapro, which shows the 

cumulative environmental impact of the different alternatives, with three main categories identified – 

human health, ecosystems and resources. Figure 7.4 shows weight of each phase on the 

environmental impact of each model. 

It is possible to see that for the AM models, the first with nylon and fibreglass has the lower impact, 

followed by onyx only and by onyx and fibreglass with the highest of the three. The pattern is the same 

for the cumulative score as it is for each of the categories identified. It is therefore possible to take that 

the carbon fibre present in onyx has a significant impact, since the model with onyx only has less 

nylon and no fibreglass, but still has a higher impact than the model with nylon and fibreglass. 

Regarding the injection moulding, it is possible to see that the model for the required production has 

the highest impact of all the alternatives studied, in each of the three categories identified, with very 

high prominence of the resources category. From Figure 7.4 it is possible to see that the moulds have 

the biggest impact on the process, whereas the transport considered is almost negligible. The 

production phase (material and energy) is constant and with lower impact than the same phase of the 

AM models. The sensitivity analyses with increased production reveals a pattern for environmental 

impact similar to the pattern of unitary cost found in section 6.7. In both cases a relatively high initial 

impact/cost is then split by the number of units produced. For small series of production, this initial 
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impact has a high weight on the performance of the process. In the production increased further than 

the reference flows considered however, the impact of the injection moulding process would keep 

decreasing. 

Overall the injection moulding for 1000 units has similar impact to the AM onyx model on the human 

health and ecosystems but much higher on the resources, while the model for 2000 units has lower 

impact than the AM models on human health and ecosystems and higher in the resources, but in total 

impact is comparable to the AM models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.3- Cumulative environmental impact of different alternatives 

Figure 7.4: Weight of the phases considered in the environmental impact of the alternatives 
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8. Conclusions and future work 

This work was done in collaboration with a company and the objective was to develop a concept for a 

non-metallic and customizable lock, considering its economic and environmental sustainability. 

The methodology of product design and development from (Ulrich and Eppinger 2011) was applied. 

From the initial Mission Statement, customer needs and specifications were established. Concepts 

were generated, addressing the assumptions and constraints as well as the needs, and two concepts 

were prototyped and tested for the setting of final specifications. 

A cost model was built and the measures taken from the prototypes production were used to calculate 

the costs of production. Analyses were made to factors of production and a comparison with injection 

was also made. Further options based on the same AM process were presented along with their cost 

implications. 

The methodology of LCA was also applied to make an environmental impact analysis. It was made as 

a comparative analysis, based on the options explored in the economic model. It considered also how 

an increase of production would affect the results. 

In the end concept 12 was the more advantageous concept with the smaller size of the concept 

contributing to a smaller time of production with less material and energy used, whilst complying with 

the remaining specifications. This resulted in a lower unitary cost and presumably environmental 

impact as well. 

The tests made, included mechanical testing of the prototypes, which justified the use of continuous 

fibre to reinforce a section of the lock. An advantage of concept 12 to concept 10 was that due to 

having one more part, fibre could be deposited only in the required section. From a broader 

perspective, the possibility of reinforcing parts locally to respond to certain efforts required is 

interesting. 

Limitations were found in terms of two AM produced surfaces sliding on each other, especially 

because a cylindrical shape was printed horizontally due to strength requirements. This was 

addressed by the acquisition of plain bearings with low friction. Another limitation is regarding to the 

material used and its degradation with conditions. Although nylon is a very durable and wear resistant 

material, an UV and moisture protection coating had to be considered. For the future the development 

of new materials can make this step unnecessary. Actually, Stratasys already has a filament with UV 

stable material in different colours, although it is not possible to use filaments not provided by 

Markforged on the Markforged printers. The finishing of the parts can also be considered a limitation, 

when compared to more traditional production methods and more work needs to be done. 

The unitary cost calculated complied with the target specification and was slightly below the value 

obtained for injection moulding, for the considered annual production. With the added value of 

customization, it suggests AM would be economically suitable to the production of this product. 
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Furthermore, other options presented could decrease further the unitary cost. It has to be taken into 

account that the Markforged filaments are considered quite expensive. Surely being the only brand 

offering continuous fibre reinforcement contributes to the high price and the tendency is for costs to 

decrease as more research is done and more options become available. 

On the environmental impact analysis, the AM model also does better than the injection moulding 

model. The pattern is the same as in the economic. A high initial impact/cost is very relevant for each 

unit in a low production scenario, but as the production increases the impact/cost per unit also 

decreases significantly. Conclusions can be taken that AM is better for small series of production, but 

for large series injection moulding is a better option both from an economic and environmental point of 

view. The environmental analysis also revealed that the onyx models perform worse than the nylon 

model. This is contrary to the results in the economic analysis, so a compromise/decision would have 

to be made. 

 

8.1. Future work 

Interesting proposals for future related work, which could depend on the development and maturity of 

technology, include: 

 Installation of a prototype on the EMW; 

 Development of a model for a non-metallic spring to be produced by AM; 

 Improvement and study of finishing methods to AM produced parts, more specifically FDM; 

 Developing a new lock, printed in one part only, ready to use out of the printer. 
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10. Appendixes 

 

Appendix A - “Floor” of the House of Quality 

 

 

 

 

 

 

Figure 10.1- "Floor” of the House of Quality 
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Appendix B -– Examples of patents searched   

 

 

o Patent US20070029810 A1 

o Title: Integrated lock and tilt-

latch mechanism for a sliding window 

o Presentation date: 26 Jan 2006 

 

o Patent US8182001 B2 

o Title: Direct action window lock 

o Presentation date: 14 Set 2006 

 

 

o Patent US20130056995 A1 

o Title: Sliding Pin Lock Mechanism for 

Overhead Door 

o Presentation date: 31 Ago 2012 

 

Table 10-1: Examples of patents 
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Appendix C - Concept 12 

AM works directly from CAD to part, making drawings unnecessary. This appendix intends to present 

a more detailed explanation of concept 12 with an exploded view (Figure 10.2), a list of parts (Table 

10-2) and the clutter dimensions (Figure 10.3) of the concept. 

 

 

 

 

 

 

 

 

 

 

 

Number Part Qty Material Observations 

1 Handle 1 Nylon Produced by AM 

2 Plain bearing 1 Iglidur G Igus (GFM-1214-15) 

3 Nut 2 Pvdf  Essentra (M6 x 1.0 x 5) 

4 Housing 1 Nylon Produced by AM 

5 Spring 1 Ultem PEI resin LeeP Spring (LL 075 100 U000) 

6 Bolt 1 Nylon+fibreglass Produced by AM 

7 Lid 1 Nylon Produced by AM 

8 Plain bearing 1 Iglidur G Igus (GFM-121418-12) 

9 Screw 2 Pvdf Essentra (M6 x 1.0 x 30) 

Table 10-2: List of parts concept 12 

 

 

 

 

1 2 3 4 5 6 7 8 9 

Figure 10.2- Exploded view of concept 12 

http://www.leespring.com/product_spec.asp?partnum=LL075100U000&springType=P
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Appendix D -Concept 10 

AM works directly from CAD to part, making drawings unnecessary. This appendix intends to present 

a more detailed explanation of concept 10 with an exploded view (Figure 10.2), a list of parts (Table 

10-2) and the clutter dimensions (Figure 10.3) of the concept. The screws and nuts were not added 

because the calculations were only made for concept 12. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.3- Clutter dimensions of concept 12 (mm) 

1 2 3 5 4 6 

Figure 10.4- Exploded view of concept 10 
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Number Part Qty Material Observations 

1 Handle Bolt 1 Nylon+fibreglass Produced by AM 

2 Plain bearing 1 Iglidur G Igus (GFM-1214-15) 

3 Housing 1 Nylon Produced by AM 

4 Spring 1 Ultem PEI resin LeeP Spring  

5 Lid 1 Nylon Produced by AM 

6 Plain bearing 1 Iglidur G Igus (GFM-121418-12) 

Table 10-3: List of parts concept 10 

 

 

 

Figure 10.5- Clutter dimensions of concept 10 (mm) 


