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ABSTRACT 
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The form design of modern passenger ships is becoming increasingly complex. Facade panels 
and elements made of panels or sheets by traditional methods have limited design possibilities 
and, particularly complex or double-curved shapes are difficult and expensive to manufacture. In 
addition, cruise companies are constantly looking for new solutions that can entice customers to 
choose their particular cruises. There would be a demand for new manufacturing methods if their 
feasibility could be assessed and realised.  

This study charts the fabrication of facade panels and architectural elements for passenger 
ships using additive manufacturing techniques. The study evaluates the feasibility of such 3D 
prints and creates processes for design and manufacturing so that methods of additive manufac-
turing can be introduced in the future. Two case studies of façade elements were selected and 
their preliminary concepts were used to create and evaluate the processes involved. Material 
requirements were also defined for the cases, although no final material selection was made. The 
target cases did not achieve the desired weight savings, but that is estimated to be possible with 
further development.  

The work charts the requirements of the environment, the current possibilities for 3D prints in 
the maritime industry, and the suitability of prints for selected case studies. Of the environmental 
requirements, fire safety requlations set by International Maritime Organisation and the degrada-
tive effect of the tropical environment on polymers were found to be the most important.  

The study was conducted as part of the NOVUM EU horizon 2020 project. The material extru-
sion method was selected as the manufacturing method, and the process study was carried out 
with reference to this manufacturing method, but it has also been made suitable with little altera-
tions for other printing methods. The pilot line to be developed in the NOVUM project will use 
material extrusion method. 

The process study identified a major impact of design expertise and knowledge of the printing 
process on the feasibility of prints and highlighted potential pitfalls in the process. 
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Nykyaikaisien matkustajalaivojen muotokieli monimutkaistuu jatkuvasti. Perinteisin menetel-
min levyistä valmistetut julkisivupaneelit ja elementit ovat muotoilumahdollisuuksiltaan rajoittu-
neita ja etenkin monimutkaiset tai kaksoiskaarevat muodot ovat vaikeita ja kalliita valmistaa. Li-
säksi risteilyvarustamot etsivät jatkuvasti uusia ratkaisuja, joilla voivat houkutella asiakkaita valit-
semaan juuri heidän risteilynsä. Kysyntää uusille valmistusmenetelmille olisi, mikäli niiden kan-
nattavuus pystytään arvioimaan ja toteuttamaan. 

Tämä tutkimus kartoittaa matkustajalaivojen julkisivupaneelien ja arkkitehtuuristen element-
tien valmistusta materiaalia lisäävällä valmistustekniikalla. Tutkimuksessa arvioidaan tällaisten 
3D tulosteiden kannattavuutta sekä luodaan prosessit suunnittelulle ja valmistukselle, jotta lisää-
vän valmistuksen menetelmiä voidaan ottaa käyttöön tulevaisuudessa. Kaksi julkisivuelementtien 
esimerkkitapausta valittiin ja niihin suunniteltiin alustavat konseptit, joita käytettiin prosessin luo-
misessa ja arvioinnissa. Tapauksille määritettiin myös vaatimukset materiaaleille, vaikkakin lopul-
lista materiaalivalintaa ei tehty. Esimerkkitapauksista ei saatu tavoiteltuja painosäästöjä, mutta 
jatkokehityksellä niiden arvioidaan olevan mahdollisia. 

Työssä kartoitetaan ympäristön asettamia vaatimuksia, tämänhetkisiä mahdollisuuksia 3D tu-
losteille meriteollisuudessa, sekä tulosteiden sopivuutta valittuihin esimerkkitapauksiin. Ympäris-
tön asettamista vaatimuksista havaittiin tärkeimmiksi Kansainvälisen merenkulkujärjestön asetta-
mat paloturvallisuusvaatimukset ja trooppisen ympäristön polymeerejä rappeuttava vaikutus. 

Tutkimus tehtiin osana NOVUM EU horizon 2020 –projektia. Valmistusmenetelmäksi valikoitui 
materiaalin pursotusmenetelmät ja prosessitutkimus tehtiin tähän valmistusmenetelmään suun-
tautuen, mutta se on tehty myös soveltumaan muihin tulostusmenetelmiin soveltuvaksi. NOVUM-
projektissa kehitettävä pilottilinja käyttää kyseistä materiaalin pursotusmenetelmää. 

Prosessitutkimuksessa tunnistettiin suunnitteluosaamisen ja tulostusprosessin tuntemisen 
suuri vaikutus tulosteiden kannattavuuteen ja tuotiin esille mahdollisia prosessin sudenkuoppia. 
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PREFACE 

3D printing is one of the enablers for industry 4.0 and has been focus of interest for many 

industries and entities. Maritime industry is no exception. Meyer Group has taken steps 

to ensure that as 3D printing matures it can be implemented in a manner that adds value 

in the ship building process. During my time in Meyer Turku shipyard, I have encountered 

many interesting challenges and learned a lot. Maritime industry with its quirks is a fas-

cinating, albeit a difficult, area full of opportunities for implementation of additive manu-

facturing. The scale of operations is enormous and the processes are vast. 

The journey made during the thesis was not easy, that seems to be quite typical for any 

thesis. The start of the thesis was a rollercoaster, a good subject and a well-defined 

scope was hard to come by. There was a lot of financial uncertainty caused by the Covid-

19 pandemic resulting to some changes in plans. At the very start of the thesis Meyer 

Turku applied to be part of Novum project, which influenced the thesis in a very positive 

way, but also meant additional workload. The scope of the thesis also changed quite 

many times as the situation regarding resources and time available changed. Many 

changes in the scope and possibilities resulted into many of the studies being moved to 

be studied and decided later and not in the scope of the thesis. Therefore, the thesis 

might raise more questions than provide answers, but it should serve as an introducion 

into things that should be accounted in implementation of 3D printed features and per-

haps give some solutions that will carry on from the concept stage to the possible pro-

duction stage. 

At the end of the day the thesis wouldn’t have been at all possible if it weren’t for the help 

of all the people involved. First and foremost I would like to thank my lovely wife Iiris 

Kuusisto for encouraging, giving me support and helping me reach great things and grow 

as a person. My thesis instructor at Meyer Turku and dear friend Ilari Graf for guiding me 

through challenges and teaching me how to dream big. My supervisors Kari Sillanpää 

and Tero Mäki-Jouppila for having my back and making the thesis possible. All my col-

leagues in Meyer Turku and Meyer Werft for answering my countless questions. The 

consortium of Novum project for providing great support and challenging us to reach 

greater results. And last, but not least, Tampere University, supervising professor Eric 

Coatanéa and Doctor Hossein Mokhtarian. I am very thankful for contributions of you all. 

Jami Kuusisto 
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1. INTRODUCTION 

This study was conducted to investigate additive manufacturing (AM) of large-scale ob-

jects, namely visual features and façades, in cruise ship outfitting and the processes 

required for design and production of such objects. As part of the study, preliminary con-

cepts for features were created. 

AM has proven its potential in many industries and has started taking a firm foothold on 

becoming a noteworthy manufacturing method in certain sectors of maritime construction 

sector (MCS). 

Introduction includes overview on AM technology and the environment of the thesis. Un-

derstanding the overall state of the operational environment of the thesis is important for 

framing the study and its goals. 

1.1 Additive manufacturing 

AM is defined by ISO / ASTM52900:2015 as “the process of joining materials to make 

objects from 3D model data, usually layer upon layer, as opposed to subtractive manu-

facturing methodologies”. The standard categorizes AM technologies into seven specific 

groups; binder jetting (BJ), directed energy deposition (DED), material extrusion (ME), 

material jetting, powder bed fusion (PBF), sheet lamination and vat photopolymeriza-

tion[1]. For this thesis focus will mostly be on ME technique. Other AM techniques such 

as BJ, DED and PBF are discussed in the thesis. 

The first AM technologies were developed in the 1980’s. Although previously there had 

been processes that resemble additive manufacturing before, like topography creation 

of statues from pictures taken from different angles.[2] 
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In 1991 Stratasys launched the first machine based on ME technique. The technology 

used was named Fused Deposition Modeling (FDM). The machine extruded molten ther-

moplastic layer by layer using filament as a feedstock[3]. Since then, many different so-

lutions that utilise ME technique have been developed. The most relevant for this thesis 

being Fused Granular Fabrication (FGF), which uses polymer granules for feedstock. 

FGF is used in larger printers as it can enable material flow rates that are impractical to 

reach using filament feedstocks. It also enables the use of conventional injection molding 

materials meaning the feedstocks are more readily available and can be more cost ef-

fective than filament feedstock.  

The ME technologies have received some technology specific standards that can be 

helpful when implementing them. ISO/ASTM 52903 parts 1 and 2 define material and 

process equipment for ME[4].  

BJ is an AM process in which a liquid bonding agent is selectively deposited to join pow-

der materials. Some BJ technologies involve sintering of the materials to burn the bond-

ing agent and to fuse the particles together. BJ tehcnologies can process composites, 

polymers and ceramics. In DED a focused thermal energy, usually in form of laser or arc, 

is used to fuse materials by melting them as they are being deposited. Materials used 

are metals. The used feedstock can be powder or filament based. In powder bed fusion 

thermal energy selectively fuses regions of a powder bed. The materials used in this 

process are metals, thermoplastics, ceramics and composites.[5] 

1.2 Meyer Turku Oy 

Meyer Turku Oy is one of the Europe's leading shipyard companies. The shipyard is a 

well-known and reliable partner for designing and building innovative, tailor-made cruise 

vessels and ferries according to the customer’s needs and the current order book ex-

tends to 2026. The ships built in Turku shipyard are the safest, most environmentally 

friendly, comfortable, reliable, and energy efficient in the industry . Meyer Turku with its 

predecessors has built ships in Turku since 1737. Meyer Turku is a part of Meyer group 

with two other shipyards; Meyer Werft and Neptun Werft.[6] 

Meyer Turku has over 2000 employees and is a major employer in Southwest Finland 

but also throughout the maritime network in Finland. To be able to build today’s magnif-

icent ships, shipyard works closely in co-operation with an effective and efficient network 

of suppliers. All combined, the Finnish maritime cluster employs over 30 000 people. The 

cluster is a network of all actors involved in technology, education, training and manu-

facturing, formed around the maritime industries and shipping.[6] 
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1.3 Project environment 

Utilisation AM is very low in the marine industry, although the benefits appear to be many. 

Meyer Turku would like to explore the possibilities of large-scale additive manufacturing 

(LSAM) of polymers for furniture, facades and different structures found in cruise ship. 

For Meyer Turku AM has many interesting properties as for example design freedom, 

feature integration, reduced logistic chains, circular economy, installation streamlining. 

Meyer Turku customers, world leading cruise companies, are showing interest towards 

the technologies and utilisation of AM in their cruise ships. We need to be able to show 

our customers that these features created with AM are feasible and provide a good al-

ternative for features made with traditional methods of manufacturing. It has been sug-

gested that there is much growth potential for AM in MCS especially as build rates, build 

volumes increase and costs involved decrease therefore making production more feasi-

ble[7]. 

One aspect that makes this kind of a development complex is the amount of subcon-

tracting involved in Meyer Turku. The shipyard mainly provides the design and the hull 

off the ship, while most of the outfitting and detail design of outfitting is outsourced to 

subcontractors. Meyer Turku has also three subsidiary companies: Piikkiö Works, a 

cabin factory, ENG’nD, an engineering service provider, Shipbuilding completion, a turn-

key subcontractor. This amount of subcontracting means there are large amount of com-

panies working on a ship and they each have their own development, which makes larger 

development projects in new areas of technology a risk for a smaller company while 

trying to maintain competitive pricing. Additionaly for use aboard ships the materials need 

to be approved according to International Maritime Organisation (IMO) standards and 

guidelines, meaning a higher cost for entry to the market. 

To ensure the quality of additive manufactured parts and features Meyer Turku will need 

to be able to rely on themselves on the design expertise, manufacturing know-how, in-

stallation workmanship, sustainability and feasibility of additive manufacturing, and the 

end result must give significant added value to our customers in order to ensure market 

entry. 
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1.3.1 Novum Project 
NOVUM Project is an EU Horizon 2020 project, which aims to develop a novel manufac-

turing concept for electrical insulation components. VTT Technical Research Centre of 

Finland Ltd, a state owned and controlled non-profit limited liability company, is the co-

ordinator of the project. The goals for the project was development of a novel pilot line 

concept for production of cellulose-based electrical insulation components, driven by the 

end-product and process intensification specifications. During process development and 

evaluation the project decided to choose AM as their primary manufacturing technique. 

Manufacturing is done using a pilot line with a FGF printer with a volume of at least 1 m3. 

This made the project very interesting from the perspective of the shipyards AM-devel-

opment and shipyard applied to be a part of the consortium in summer 2020. 

Meyer Turku was accepted as a part of NOVUM consortium as a user-company, provid-

ing a use-case for the material and pilot line developed in the project. The expected 

results and goals set out by the shipyard for involvement in NOVUM project was as fol-

lows: “To gain better understanding of how and where LSAM can be utilised on cruise 

ships and their production process. A concept to utilise NOVUM pilot line will be created 

and tested.”  

Case studies and preliminary concept solutions presented in this thesis have been de-

veloped as few possible use cases in NOVUM project. Thesis provides some of the pre-

liminary requirements for NOVUM pilot line regarding the needs and cases of Meyer 

Turku.  
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2. BASIS AND PROBLEM DEFINITION 

2.1 Surface materials used in cruise ships 

Excluding coated steel, the most common surface materials used aboard cruise ships 

manufactured in Meyer Turku shipyard are aluminium sheets or aluminium honeycomb 

sandwich panels. These sheets and panels have patterns or pictures printed on them for 

aesthetic purposes. This kind of surface materials are used in straight or one way curved 

shapes and is easy to install. The aluminium sheets require fairing with fairing com-

pounds after installation to get a smooth and straight finish. The sandwich panels result 

in straighter surfaces which when installed require little to no fairing. 

Some decorative covers might use perforated or pressed metal sheets. Where applica-

ble wood and polymers can also be used, but the use of them is restricted by fire regu-

lations, depending on the conformity of materials. 

Gypsum is widely used in complex decorative shapes, straight boards, and for example 

complex crown mouldings. Gypsum is a good material for interiors, it is non-combustible, 

has good acoustic - and thermal properties. Gypsum is Calcium Sulphate Dihydrate, and 

the crystalline water in gypsum evaporates when under fire attack, keeping the other 

side of the gypsum structure at around 100 C[8]. Disadvantages are relatively high den-

sity of 2,31 g/cm3 and manual forming or moulds needed for any complex shapes[8,9]. 

2.2 Additive manufacturing in maritime industry 

As previously stated, AM has not yet been implemented very thoroughly in maritime in-

dustry. Automotive and aerospace applications have reached overall higher technology 

readiness levels and more widespread implementation. For MCS the main barriers seem 

to be the scale of parts and operations needed and the costs. As the AM technologies 

mature and become more and more feasible the motivation and the initiatives for imple-

mentation also in the MCS is naturally growing.[10–12]  
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There are great efforts on creating novel solutions by institutional research and co-inno-

vation projects. Pilot project conducted by Port of Rotterdam and the project consortium 

on 3D printing of Marine spares (2016) showed potential for spare parts to be produced 

locally. Project report concluded that further life-cycle comparison is required and that 

there needs to be more work done to realistically reach the benefits of faster production, 

less tooling and optimisation of design[13]. In 2017 as part of RAMLAB (Rotterdam Ad-

ditive Manufacturing Laboratory) project the WAAMpeller, first class approved 3D printed 

ship’s propeller, was developed, produced and approved. The propeller was printed us-

ing Wire Arc Additive Manufacturing (WAAM), a form of DED[14]. As part of RAMSSES 

(Realisation and Demonstration of Advanced Material Solutions for Sustainable and Ef-

ficient Ships) project, which Meyer Turku is also part of, a demonstrative hollow blade 

for a gargo ship propeller was printed with WAAM. There are many large investments on 

development AM in maritime industry by public and private entities ongoing[10]. 

MCS is a highly governed industry and much validation, standardisation and classifica-

tion needs to happen before a product or design can be used. Therefore, adoption of AM 

is very dependent on the involvement of authorities and governing bodies. 

Many of the early adoption of AM is mostly in less critical applications, like rapid proto-

typing and tooling. For example in prototyping 3D prints are used as promotional models 

or as discussion aids of technical subjects, like scale models of an installation. Tooling 

includes for example some casting moulds for enclosures. Although prototyping and tool-

ing represent large percentage of AM implementation in MCS, there are real cases of 

AM implementation in systems aboard ships. For manufacturing spare parts US navy 

and Maersk have implemented on board polymer 3D printers. AM is used also in repair 

of marine turbochargers by Tru-Marine.[10] 

2.3 Fire regulations 

There are multiple requirements in place for different areas of the cruise ship, fire safety 

requirements being one of the most important regarding this project. IMO regulation 

Safety Of Life At Sea (SOLAS) chapter II determines requirements for fire protection, fire 

detection and fire extinction of constructed ships[15]. For fire tests, Maritime Safety Com-

mittee (MSC) of IMO adopted an international code for application of Fire Test Proce-

dures in 2010 (FTP Code). This code dictates the fire safety of the materials used aboard 

a ship. It defines the testing required for different areas of the shipand uses of material 

[16]. 
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The fire test procedures described in the FTP Code that are relevant for this thesis are 

part 1 Non-combustbility test, part 2 Smoke and toxicity test, and part 5 Test for surface 

flammability [16]. 

Non-combustibility test requires material to be tested at 750 C for 30 minutes. The test 

apparatus is in accordance with Reaction to fire tests for building and transport products 

– Non-combustibility test (ISO 1182). For smoke and toxicity test the specimens shall be 

tested with 25 kW/m2 and 50 kW/m2 irradiance for 20 minutes. In Test for surface flam-

mability the specimens are tested up to 40 minutes and to pass they have to exibit low 

flame spread with no burning droplets are allowed.[16] 

FTP Code states that in general, products made only of glass, concrete, ceramic prod-

ucts, natural stone, masonry units, common metals and metal alloys are considered as 

being non-combustible and they may be installed without testing and approval. Also non-

combustible materials are generally considered as not generating excessive quantities 

of smoke nor toxic products in fire, therefore complying with FTP Code part 2.[16] 

The fire requirements limit the use of flammable materials inside the ship. Some require-

ments for materials in different applications can be seen in Figure 1. For example in case 

of considering a 3D printed feature as decoration, it doesn’t have to be non-combustible 

or low flame spread material but it still contributes into fire load calculations of that area. 

On the outer decks, there are areas that are not restricted by these fire regulations. Gen-

erally, these are areas that are not near safety exits or that have a roof and are maximum 

10 meters from the edge of the roof. 

It is hard for polymer materials, especially thermoplastics, to comply with fire resistance 

requirements and therefore the starting scope of the project would be to develop the 

implementation of AM structures for outer decks, while keeping in mind the future goal 

of ship-wide utilization. The certification of materials can also be quite time consuming 

and costly, therefore it requires commitment from material manufacturer to start the cer-

tification process. 

An alternative design status could be applied for structures and features that cannot be 

approved under the current. It still needs a case-by-case approval but can help when 

implementing novel structures and features. 
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Figure 1. Materials used on passenger ships for bulkheads of accommodation 
spaces as defined in SOLAS regulation II-2/3.1 and its requirements.[16] 

2.4 Short overview on available technologies for large scale ad-
ditive manfucturing   

Although the term ”Additive Manufacturing” is well defined by standards, there is not a 

single solid definition available for LSAM in the AM industry, but it is generally used to 

refer AM that specializes on producing large-scale, heavy and often permanent struc-

tures[17]. Commonly, LSAM is associated with the construction industry. Materials used 

in construction industry differ quite from the materials used in other common forms of 3D 

printing, as it is dominated by cement based paste and different foams[18].  

For large scale parts in MCS, J. Bergsma proposes the most suitable AM technologies 

to be DED, PBF and ME. These all can provide functional parts with at least 0,5 m largest 

dimensions[10]. When considering LSAM it is also important to take into account the way 

the printing and articulation is achieved. The technologies for LSAM can be roughly di-

vided into robotic arm based, gantry based, cable-suspended or swarm-based[18]. Ro-

botic arm based and gantry based solutions are the most relevant for this thesis. 
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Robotic arm based AM solutions are commonly used in DED and ME. Robotic arms are 

readily available and can be quite easily converted to a printer with a print head tool. 

Common advantages are easy deployment on-site, multiaxis articulation and the possi-

bility for easy multi use by tool changes during construction. Common disadvantage is 

the limited print area compared to the area needed, if the robot is not fitted with a means 

to move additionaly in one or more axis. Addition of an axis tend to increase the com-

plexity of programming of control softwares. 

Gantry based LSAM solutions are essentially scaled up versions of smaller scale Carte-

sian printers. For polymer printing ME and BJ based solutions are the most relevant. 

There are large scale BJ solutions like Voxeljet VX4000 available. VX4000 has a print 

volume of 4 m x 2 m x 1 m[19]. There are also quite many ME based solutions ME 

solutions are very easily scalable and depending on the print material might require only 

scaling of the gantry structure to increase the build volume, whereas any powder or liquid 

bed based technologies require also modifications on the bed and the printer coverings. 

Most of the gantry based solutions are only 3-axis.  

One of the drawbacks of a 3-axis system is the changing interface area between layers. 

This leads to uneven mechanical properties and surface roughness. This can be more 

prominent when producing hollow structures with optimized weight. A 6 axis robotic arm 

and truly 3D nonplanar toolpaths could be a solution for more even mechanical and ge-

ometrical properties, while at the same time providing increased overhang capability. 

Overhangs are any geometries that extends outwards beyond the previous layer geom-

etry. Gosselin et al call this way of slicing and printing tangential continuity method. This 

method could be instrumental in combating delamination in hollow or thin walled struc-

tures. The theoretical difference in cross sections is presented in Figure 2 [20]  
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Figure 2. A schematic demonstrating the differences in contact area between 
commonly used 2D slicing software (left) and the tangential continuity method 
(right).  

2.4.1 NOVUM Pilot line 
One of the key objectives for NOVUM-project was to create an ecological and energy 

efficient automated pilot line. Meyer Turku participated in providing the requirements for 

the product to be piloted with the line. In the time of writing this thesis no pilot line had 

yet been built but the basic fundamentals and some specifications had been chosen. 

All specifications and proposals for pilot line presented in this thesis are subject to 

change. Pilot line concept consists of a printer and post processing stations. The print 

volume is at least 1 m3 and is planned to use standard injection moulding sized granulate 

as a feedstock. Pilot line is designed to transport a finished print automatically to post 

processing stations. 

The pilot line specification is discussed further in later chapters. 

2.5 Research objectives, scope 

The stakeholders of this thesis can are industry, academia and the thesis worker. In this 

thesis Meyer Turku represents the industry and the shipyard motivations for the research 

have been briefly introduced in chapter 1.3. 

Tampere university represent the academia and their interest is to create well educated 

and trained graduates and scientifically meaningfull research. 
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To reach a satisfactory results, it is crucial to define the purpose and scope of a research 

work. Therefore, research objectives and scope for the thesis were defined as soon as 

possible. 

2.5.1 Research objectives and research questions 
The goal of the research was to develop a concept for further utilization of large-scale 

polymer additive manufacturing in cruise ship outfitting. Work includes development of 

processes needed to create a principle solution and the structure of the solution. The 

solution needs to conform to the requirements set up for the product and the feasibility 

of such solution should be evaluated. The thesis research questions are following: 

1. How can Meyer Turku implement 3D printed structures and features in their 

outfitting production?  

The framework for producing 3D printed structures and features does not exist currently 

in the context of Meyer Turku production or in the surrounding maritime cluster. The 

framework should be considered from the design phase all the way to installation and 

eventual commissioning of the structures and features. 

2. What are the restrictions with the technology and materials chosen for the 3D 

printed features?  

There are application specific restrictions that need to be accounted for in the design and 

manufacturing stage. The restrictions concern the regulations, environmental consider-

ations, design guidelines and abilities of the manufacturing process. 

3. What is the added value of 3D printed features in shipbuilding and ship de-

sign? 

There must be well defined characteristics and benefits to be achieved of utilising AM in 

cruise ship outfitting for the investments to be feasible. Thesis aims to present the pos-

sible benefits and some pitfalls that could occur.  

2.5.2 Research scope 
The research aimed to create a preliminary concept for 3D printed features and pro-

cesses needed in Meyer Turku to achieve the utilisation of such features.  

The preliminary concept includes creation of a preliminary design, product structure, pro-

posal of suitable materials and evaluations of feasibility of the concept. The intention is 

to continue the concept development after thesis is finished to create more refined con-

cept, mockup and finally pilot product to be installed aboard a ship.  
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With the work conducted in conjunction with NOVUM project, the research presented in 

this thesis has to reflect the environment of operations not only in the local maritime 

cluster but also of the NOVUM project. Thesis aimed to give an overview on what is 

reguired for implementation of polymer LSAM. 

2.6 Selecting the case for implementation 

After assessing the environment of operations and goals of the research, a good case 

had to be found. For that purpose proposals for cases were searched from future new-

buildings. As discussed in chapter 2.3 the fire regulations force the cases to be selected 

from the outer decks. 

Through interviews of experts and review of design documents twelve possible cases 

were gathered. These cases included large areas over of 200 m2 with very specific 

theme, sunshades, different service desks, decorative facades over utilities and struc-

tural members, furnitures and space dividers. All of these cases were located in public 

spaces of outer decks and have a requirement for visual appearance. Production tools 

and testing prototypes were also considered. As most of the cases are confidential, they 

are not presented in this thesis. 

2.6.1 Considerations for suitable materials in selected cases 
The outside surface of structures can be subjected to both harsh tropical and freezing 

polar marine environments, therefore the durability and lifespan of materials used need 

to be evaluated carefully. The lifespan for most of the features in the proposed cases is 

5-10 years, sometimes even up to 20 years therefore material needs to be very stabile 

in the environment they will be used. It would be beneficial if the features could the easily 

be recycled, perhaps even processed straight to be printed into new features. The ma-

terials should be able to be post-processed and coated with different coatings and fillers. 

Material aspects that are to be considered due to environmental conditions are presented 

in Table 1. 
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Table 1. The qualitative environmental conditions and material properties re-
quirements. 

Environmental condition or mate-

rial property 

Definition 

Sustainability Low carbon footprint material, preferably recyclable and bi-

obased. 

Tropical heat and heat cycles Dark horizontal surfaces can reach more than 100 C in 

tropics. Prints must tolerate tropical heat without noti-

ceable creep 

Cold conditions and ice Prints must tolerate freezing temperatures as low as -20 

C without brittleness or defects of material or coatings 

UV radiation Intense UV radiation in tropical areas can lead to degrada-

tion of polymers.  

Humid marine environment Tropical marine environment are very humid, therefore 

materials shouldn't absorb moisture, or shouldn't be af-

fected by the absorbed moisture. In addition the salty en-

vironment can also enhance moisture absorbation into po-

rous structures 

Vibrations Aboard cruise ship there can be constant low frequency 

vibrations caused by the ships main engines and systems. 

This can be a factor in fatigue of certain structures.  

Mechanical stress, wind forces These include any design stresses. Outside a wind pres-

sure of 25 kPa can be experienced. 

Aesthetics The prints and the visible surfaces must be visually pleas-

ing. 

Cleanability and porosity If the prints are not easily cleanable the environment and 

moisture can lead to accumulation of dirt and growth on 

the surfaces of the prints. Porosity makes the prints even 

harder to clean. 

Abrasion resistance The prints and coatings must resist abrasion. This abra-

sion can be just consequence of human interaction with 

the print. 
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2.6.2 Possible benefits of Additive Manufacturing 
With no additional start up costs for production of different parts AM is well suited for 

small batches or one-off production. This attribute is further reinforced as with most of 

the AM techniques the increase of the production amount leads to little to no reduction 

of cost per part. This becomes more clear as the size of the objects increase[10]. When 

complexity of an object increases or they are unique, the costs of AM can be lower than 

for example the tooling required in traditional manufacturing. The ability to create parts 

without tooling also reduces the long lead times for more feasible manufacturing-on-de-

mand with possibility of quick modifications and customisations to designs.  

Lower lead times and more feasible manufacturing-on-demand process also can lead to 

reduction of needed storage space, as does the inherent reduction of different materials 

needed in production. This in turn leads to savings in investment on or rent of storage 

area.  

With AM the manufacturing process is simplified into one digital and automatic process: 

printing. This holds true if no extensive post processing is needed. The comparison of 

traditional MCS process and ideal AM process for structural applications by Bergsma et 

al. is shown in Figure 3. Even though it concerns structural applications, it is still relevant 

to the applications in this thesis. As the complexity of parts increase, the traditional man-

ufacturing process length and complexity increases.[10] 
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Figure 3. Traditional MCS process and ideal AM process[10]  

When it comes to metal structures of ships the price point of around 2,5 € per kilogram 

of steel manufactured from sheets[21] is greatly lower than metal AM. In metal PBF the 

direct costs of material and energy can be hundred euros for a kg of printed stainless 

steel without even counting in the indirect costs, like machine costs and labor, which 

usually account to more than the direct cost[7]. Therefore, with AM there must be addi-

tional benefits that are realised by utilising design freedom, function integration, weight 

savings and flexibility of manufacturing to name a few. 
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Difficulty arises from quantification of these benefits into values that are more tangible 

and can be easily compared. For example in aerospace industry it can be approximated 

that in passenger jet like Airbus 380, over the lifetime of the airplane, a fuel saving of 

45 000 liters per kilogram of reduced weight can be achieved[7]. This can easily be trans-

lated into tangible amount of cost savings for the operator. With cruise ships the fuel 

savings due to weight reduction achieved by additive manufacturing is harder to quantify 

as the amounts of weight reduction would have to be significant in order to have any 

quantifiable effect on the hydrodynamic behaviour of a ship. In order to have such a 

significant effect the use of AM, and therefore the AM production capacity, must be very 

high and would require very significant investment. The weight savings contribute to 

cruise ships in another manner; weight distribution of the ship has an effect on for exam-

ple the stability of a ship and there are limitations on how much weight can be put on the 

upper portions of a cruise ship. Cruise ship owners want to maximise the profits of the 

ships by having as much passengers and activities on board as possible. Therefore, 

weight savings especially in the upper decks mean the weight can be reallocated into 

something that creates revenue, creating added value for AM parts. This is something 

that should be discussed in depth with the ship owners. If the weight savings eventually 

are extensive, they can also affect the earlier stages of ship hull design and the choises 

of for example main engines and fuel tank size. In addition to savings during operation 

this could lead to direct savings in the construction phase.  

Although gypsum is used mostly on the interiors, it is important to note that it has a high 

density of 2,31 g/cm3[9]  compared to 3D printable thermopolymers with density mostly 

between 0,9-1,54 g/cm3 [22]. Similiarly aluminium 5005, a weldable aluminium com-

monly used in construction, has a density of 2,7 g/cm3 [23]. Therefore in non structural 

applications, if properly designed, weight savings can be achieved, especially if replacing 

the gypsum with prints that are hollow and supported with lattice or honeycomb like 

structures. 

The visual appearance of 3D printed features can be an attraction that increases the 

public interest into the cruise ship. This can achieved with the design freedom and so 

called “free complexity” AM enables, especially if good surface quality is achieved with-

out large amount of post-processing. Increasing sustainability of cruise industry has also 

been huge trend among ship owners. There might be benefits achieved in the overall 

sustainability of feature manufacturing through AM. Added value of both visual appear-

ance and sustainability should be evaluated by ship owners, but again is very hard to 

quantify. 
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In short, there are many benefits, but they all have some barriers that make efficient 

implementation and realisation of added value hard. Every new technology has some 

sort of barriers to overcome and AM is no different. In Table 2 the barriers and sugges-

tions for overcoming the barriers are presented. It is based on the observations and sug-

gestions made by E. Kostidi and N. Nikitatos.[24] 

Table 2. Barriers for AM and suggestions for overcoming them. Based on E. 
Kostidi and N. Nikitatos[24]. 

Barriers Overcoming the barriers 

Common individual and organiza-

tional barriers 

The well-known theory and implementation of 

needed process changes  

Quality assurance Standardization of the manufacturing process and 

testing 

Cost of the machine and process The machine cost as well as the production cost 

tend to fall 

Utilization of the capabilities of 

AM 

Redesign and optimization  

Skills shortage Education and training adapted to the require-

ments of the new technology 

Uncertain feasibility In depth feasibility assessment conducted with 

necessary stakeholders 

 

2.6.3 Selected case 
After discussions with experts and stakeholders, it was decided that it is best to have the 

first proof of concepts done without any straight connection to current newbuildings. This 

drastically simplified the efforts needed to achieve a pilot and created a more stable 

environment for the thesis to operate in. Risks resulting from this decision was that the 

lack of feedback from the customer could lead to bad design decisions or a product that 

wouldn’t correspond to the expectations. To avoid this, it is crucial to keep in mind the 

added value for customer in every phase of the design process. 
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It was decided to create the concepts in a virtual mockup area, which could then later be 

replicated as a scale model and as a full-scale test mockup in the shipyards testing ar-

eas. This mockup area was decided to be intended as a small bar area. As inspiration 

for the area RedFrog Tikibar aboard cruise ship Carnival Mardi Gras was used and it can 

be seen in Figure 4. Mardi Gras was delivered to Carnival by Meyer Turku in December 

2020. This has the additional benefit of being a good benchmark for comparison in further 

feasibility studies. 

To help define specifications for the pilot line, typical dimensions of additional cases were 

defined. The additional cases include cabana, space divider and shower floor prototype 

used for water flow testing. 

 

Figure 4. A rendering of RedFrog Tikibar aboard Carnival Mardi Gras.[25] 
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3. METHODS 

Methods for case study, engineering design and material selection were used to execute 

the study. 

3.1 Case study 

Case studies, as presented in Strategic entrepreneurship by Philip Wickham[26], are 

generally qualitative studies conducted to form a structured narrative of a series of 

events. The case studies are constrained by two dimensions; level of agency (individual, 

team, organisation, group of organisations) and temporal extent (a single decision, par-

ticular period in the life of an organisation, entire life of organisation). The dimensions of 

the case study of this thesis are considered to be a group of organisations and the pre-

liminary maritime LSAM concept creation period in the life of the organisations. 

Wickham also presents multiple different types of case studies. The case study con-

ducted in the thesis is descriptive and exploratory study. Descriptive studies capture the 

important issues and events. Exploratory studies seek to reveal the particular issues that 

are of concern in the case instance.[26] 

3.2 Engineering design process by Pahl and Beitz 

“Engineering design” by G. Pahl and W. Beitz describes the steps and ways of thinking 

needed for creation of designs[27]. The book defines engineering design process to con-

tain phases: clarification of the task, conceptual design, embodiment design, detail de-

sign. Each of them contains subtasks to help fulfil the task set out for the design prior to 

the process. The product development process as defined by Pahl and Beitz can be 

seen in Figure 5. This thesis’ scope is confined in the first two steps of the process: 

clarification of the task and conceptual design. 

In “clarification of the task” phase the task must be put into a context by analysing the 

environment and market and their effect on the task. When it has become clear what is 

the task, product ideas that fit into the context of the task should be formulated. To for-

mulate these product ideas Pahl and Beitz present few helpful questions; what are the 

functions that customers desire? What resources and functions do we already provide 

and what is needed to achieve the desired value? Moving further to defining the task a 

requirements list should be created with quantifiable requirements and less critical 

wishes. Defining these is paramount for later evaluation of the achieved results.[27] 
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Conceptual design phase includes abstracting the requirements, defining the overall 

function and subfunctions, defining working principles so that they fulfil the overall func-

tion, forming the different working principles into solution variants and finally evaluating 

the solution variants.[27] 

When creating a concept to be used for assessing feasibility and building a basis for 

implementation of 3D printed structures and features, the suitability of the method de-

scribed by Pahl and Beitz is debatable for creating a solution on the problem presented 

in this thesis. The methods and design philosophy are still relevant for the thesis, but a 

problem is presented as the manufacturing method and the basic structure of the case 

products are already defined, leaving very little space for drastic changes on the solu-

tions and working principles that already exist. The methods of Pahl and Beitz aim to 

decisions on the structures and the ultimate design of a machine. This thesis mostly 

focuses on formulation and implementation of processes needed to create LSAM fa-

cades and features. Therefore, the methods of Pahl and Beitz are used as an example 

and guide for the development of process for creating and producing the LSAM facades 

and features. 
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Figure 5. Product development process.[27] 
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3.3 Material selection in mechanical design by M. Ashby  

To help define the requirements for materials the book “Material selection in mechanical 

design” by Michael Ashby was used. Ashby lays out a process of product design from 

the material selection viewpoint. A systemic method for material selection is presented.  

The systemic method is based on the quantifiable properties of materials and their com-

parison by defining the relationships between the properties that are important for the 

aplications. Ashby also presents that there are different levels of material data and de-

sign tools needed depending on the level of product development, a design flow chart 

depicting the stages can be seen in Figure 6. For concept stage the material data pool 

should contain low precsion and detail data for all materials considered.[28] 

One of the challenges presented in this thesis in terms of material selection process is 

the amount of materials available for the selected manufacturing way, material extrusion 

additive manufacturing. The range of material qualities is already quite limited and the 

amount and quality of such data in different applications varies very much. 

 

Figure 6. The design flow chart and material data needs as presented by 
Ashby.[28] 
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4. RESEARCH FRAMEWORK OVERVIEW 

In this chapter the framework and the material for the studies are presented. The infor-

mation leading to the results is presented. Chapter is split into material study, process 

studies, design, and feasibility study. 

Material study discusses material properties of printed parts and the requirements set in 

the use cases of the thesis. It includes descriptions of factors contributing to the printed 

material properties, potential materials, typical failure modes of ME parts, chemical com-

patibility, additives, and surface finishing. Process studies describe design process, 

manufacturing process and installation process and their purposes. 

4.1 Material study 

In FGF as in many other printing techniques, the suitability of the material plays a very 

important role. In FGF the polymer must be able to bond as strongly as possible with the 

previously printed material while being above its glass transition temperature. Otherwise, 

the durability of the object is very low and anisotropic. 

This is also true with the use cases of this thesis. Material selection must take into con-

sideration the environment and stresses the products will be subjected during their years 

of use. 

The testing of printed polymers done by different entities may not be directly comparable. 

Even if the objects to be tested are similar and of the same material, the production 

process affects the results; device and print parameters influence the objects perfor-

mance. Fortunately, there is lot of information already available that can be used while 

keeping in mind the variables associated in every use case and printer. Some of these 

influencing factors for material has been included to Table 3. 
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Table 3. Influential parameters on mechanical properties of parts fabricated us-
ing material extrusion printing. 

Category Subcategory Influential parameters 

Vendor 

Material proper-
ties 

Density 

Moisture absorption 

Chemical compostion 

Manufacturing technique 

Printer properties Extrusion mechanism 

Bed heating 

Print chamber heating 

Process quality 

Tangential continuity met-
hod 

User 

Process parame-
ters 

Nozzle diameter 

Layer Thickness 

Raster orientation 

Infill % 

Infill pattern 

Flow 

Nozzle temperature 

Print orientation 

Geometry Complexity 

Overhangs 
 

One source of uncertainty when applying forementioned material information for the use-

case presented in this thesis is that nozzle size and layer thickness seem to influence 

the mechanical properties of the prints and most of the studies have been conducted 

using smaller than 1 mm diameter nozzles. There are varying and sometimes contradict-

ing results from studies on the effect of layer thickness, though these studies don’t take 

into account different nozzle diameters and therefore information presented is relevant 

only for discussing layer heights with specific nozzle[29–33]. This could be more descrip-

tively characterized as nozzle diameter to layer thickness ratio (refered to later as ND-

LT), as this ratio determines the cross-section of an extruded strand, affecting the 

amount of air gaps in the structure.  

One of the most interesting mechanical material property to compare is the 

strength/weight ratio. At this point there are a great amount of design options that can be 

explored to enhance the properties of the printed object and therefore the strenght of 

materials is not the defining aspect but the structure that can be achieved using certain 

weight of materials is. For example, the object can be printed hollow with internal struc-

tures to create a sandwich-like structure that helps to achieve greater stiffness to weight 

ratio.  
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In addition to the mechanical properties described before it is important that there is 

information available of the longevity of the selected material in the environment it is 

used at. The cases discussed here are all cases where fire regulations do not apply and 

the installation aboard ship is located outside. This means being subjected to the harsh 

tropical marine environment. Table 4 presents some examples of 3D printable thermo-

plastics and their UV resistance, water absorbtion and heat deflection temperature. 

Some printing parametres can also affect the material longevity, for example in some 

cases layer thickness can have impact on the moisture absorbtion with larger layer thick-

nesses absorbing more moisture due to larger surface area[34]. 

Table 4. Some 3D printable thermoplastics and their environmental resistance 
properties.[35–37] 

Polymer Acronym 
UV re-
sistance 

Water absorbtion 
(ASTM D570) [% - 
weight] 

Heat deflection tem-
perature (ASTM 
D648) 1.8 Mpa [C] 

Acrylonitrile butadiene 
styrene  

ABS Poor 1,8 88 

Polyamide  PA-6 Fair 1,9 60 

Polycarbonate PC Fair 0,2 140 

Polyethylene tereph-
thalate glycol  

PET-G Fair 0,1 63 

4.1.1 Acrylonitrile butadiene styrene  
Acrylonitrile butadiene styrene (ABS) is a commonly used thermoplastic that is a blend 

of acrylonitrile, butadiene and styrene monomers. By varying the mixing ratios, different 

properties can be obtained for ABS, for example butadiene increases the elasticity of the 

mixture. As a result, a considerable variety of ABS grades is available.[38]  

ABS is a strong material with a density of approximately 1,04 g/cm3[22] and a glass 

transition temperature (approximately 105 C) and thus a relatively high heat resistance. 

In addition to heat resistance, the beneficial properties of ABS are its longevity and low 

degradation over time, as well as its chemical resistance. A problem with using ABS as 

a print material is its relatively high shrinkage as it cools down. As the printed material 

shrinks, tension is created between different strands and layers, which can lead to ther-

momechanical deformations or even delamination of the layers. For this reason, printing 

ABS almost invariably requires a heated print case; if the air around the object to be 

printed is warm enough, less tension is generated between the layers. It might still be 

necessary to take into account the shrinkage to get the best results.[39] 
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ABS seems to have more variable water absorbtion than PET-G. When tested according 

to ASTM D570 the water absorbtion by weight percentage is 0,05 % - 1,80 % for ABS 

and 0,10 % for PET-G[36]. ABS also has poor UV light resistance without blending with 

polycarbonate (PC). In applications where UV resistance is key acrylonitrile styrene acry-

late (ASA) could be used instead as it is quite similar but has good UV resistance[35]. 

4.1.2 Polyethylene terephthalate  
Polyethylene terephthalate (PET) is a commonly used durable and transparent polymer. 

The PET used in extrusion printing is usually modified with glycol (PET-G). Glycol mod-

ification prevents PET from crystallizing, making it slightly more malleable and meltable 

at lower temperatures. PET-G does not undergo very significant thermal expansion and 

is much easier to use without temperature regulated print volume than ABS. The glass 

transition temperature of PET-G is about 85C. PETG has also been found to have rel-

atively better layer adhesion than PLA and ABS[40]. Some PETG materials have sur-

prisingly showed higher tensile strengths when tested perpendicular to the rasters (sam-

ple printed vertically) than when tested along the rasters (sample printed flat against the 

print bed)[41]. The density of PET-G is approximately 1.27 g/cm3[22]. 

4.1.3 NOVUM material 
NOVUM material is cellulose based material with thermoplastic properties. Currently the 

material is under development to make it more suitable to be used in additive manufac-

turing. With high cellulose content of 50-60 % it is a novel printing material. Depending 

on the compound formulation the density of the material changes but for the purposes of 

preliminary concept creation an approximation of density 1,2 g/cm3  was used. There has 

been some mechanical testing done to various NOVUM material formulations and results 

show improvement over the reference commercial woodfiber compounded materials. 

There is still more knowledge of the material and some improvements needed to make 

any decision for suitable option for the use cases presented in this thesis. As the formu-

lations are still under development, the information of certain properties is not yet avail-

able. These properties are for example weight, aging, water absorption, chemical com-

patibility and coatability. 
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4.1.4 Recycled materials 
A thesis from Turku university of applied sciences and shipyard experts state that there 

is around 10-15 tonnes of relatively pure ABS waste collected[42]. This waste is mostly 

made of welding line reels. This waste could potentially be reused in the additive manu-

facturing applications. Involving this reused material in shipyard production is an inter-

esting possibility, as sustainable shipbuilding is high in Meyer Turku priorities. 

There has been shown a clear degradation of mechanical properties of recycled ABS. 

M. Mohammed et al. reported using 100% recycled material resulting in a 13 to 49% 

decrease in the ultimate strength of the printed material when compared to virgin mate-

rial. Reduction in mechanical and thermal properties can be combated by blending recy-

cled and virgin material while still retaining increased rate of AM materials. No noticiable 

changes in extrusion quality of 100% recycled material were observed but a change in 

colour can happen. It has also been suggested that some additives in the compound 

might suffer from recycling and reducing the glass transition temperature. Overal it has 

been deemed highly recommended to recycle ABS material.[43,44] 

4.1.5 Failure modes of 3D prints 
In ME voids are formed between the strands. The size of these gaps can be controlled 

with the ND-LT and material flow. In Figure 7 the effect of ND-LT ratio can be seen with 

air-gap to material ratio of 0.30 % with 0,5 ND-LT and 5,26% with 1 ND-LT. These voids 

create weak points in the material. In samples printed with different raster angles and 

layer thicknesses it was observed that there was two main failure modes: A inter-raster 

bond failure, leading to delamination of the structure, and trans-raster failure with the 

raster strands breaking perpendicularly to their orientation. Trans-raster failure mode 

was observed when loading the test samples parallel to raster orientation. [45,46] 

The importance of good inter-raster bond is further emphasized when printing thin ob-

jects. A single error in extrusion process can lead to formation of significant stress peaks 

that act as a starting point for delamination. 
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Figure 7. Mesostructures of air-gaps for specimens with 0,5 ND-LT and 1,0 ND-
LT.[46] 

4.1.6 Chemical compatibility 
 To evaluate material compatibility in production environment of a cruise ship the most 

common chemicals and paints were charted by interviewing shipyard experts. Naturally 

more variety of chemicals will be used aboard a ship, but they are more area specific 

and therefore need to be accounted for case by case. Most used paints are epoxy-, 

acrylic-, alkyd-, and polyurethane based. The most common chemicals used in their thin-

ners was xylene and benzene. These chemicals are presented in the Table 5 and they 

all are meant to be used on metals, therefore they shouldn’t be used with the polymer 

prints. 

Table 5. Commonly used paints and thinners in the Meyer Turku Shipyard 

Outside Inside Thinners 

Jotamastic 90 polyam-

ine hardened epoxy 

paint 

Pilot QD primer alkyd 

paint 

Jotun thinner 

number 17 

Jotacote F60 polyam-

ide hardened epoxy 

paint 

Pilor ACR Acrylic paint Jotun thinner 

number 10 

Top coat: Hardtop AX 

aliphatic acrylic polyu-

rethane paint 

Norrapid MWT alkyd 

topcoat 

Jotun thinner 

number 07 

  Jotamastic 90 polyam-

ine hardened epoxy 

paint 
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Materials tested by followind ASTM D543 standard that describes the standard practices 

for evaluating the resistance of plastics to chemical reagents determines that the chem-

ical resistivity of ABS and PC is very low against xylene and benzene. PET-G chemical 

resistivity is also limited against these thinners while PA-6 seems to fair well agains many 

chemicals.[47–49] Therefore the prints should not be in contact with the paints and 

chemicals used in the rest of the ship and if there is a chance they might get into a contact 

with such chemicals they should be shielded in some way. The chemical resistivity of 

materials is included in Table 6. The chemical combatibility of coatings need to be en-

sured and tested before using them in the prints.  

Table 6. Chemical resistivity of materials[47–49] 

Chemical 
Poly-
mer 

Resistivity 

Xylene ABS Non satisfactory 

  PA-6 Satisfying 

  PC Non satisfactory 

  PET-G Limited 

Benzene ABS Non satisfactory 

  PA-6 Satisfying 

  PC Non satisfactory 

  PET-G Limited 

Acetone ABS Non satisfactory 

  PA-6 Satisfying 

  PC Non satisfactory 

  PET-G Limited 

 

4.1.7 Additives and fillers 
There are many benefits to be achieved from compounding additives to thermoplastics. 

These additives can be for example chemicals, fibers or particles. According to the ma-

terial study conducted in the thesis there might be a need to use additives in the thermo-

plastic materials to make them more suitable to use in the environments aboard a ship. 

There should be more investigation into this conducted in the future by the shipyard as 

there are many benefits, but in this thesis effects of compounding will only be briefly 

introduced. Even small changes like addition of dyes may affect the behaviour of com-

pounds[50].  
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The goal with blending fibers into polymers can be done for example to increase the 

compounds tensile strengths, make it more ductile[40], or just to alter weight or compo-

sition of the material. With the right choice in terms of fiber material, these goals can be 

achieved. For example compounding of 100-150µm carbon fibers with ABS has been 

studied, and cocluded that the addition of fibers to the polymer can lead to higher tensile 

strengths and Young's modulus. Although blending the fibers into the polymer can re-

duce toughness, yield strength and elasticity [51]. Fibers can also reduce the thermome-

chanical deformations by carrying the load induced by the thermomechanical stress[52]. 

However, attention must be paid to the choice of fibers; It has been found that fiber dop-

ing ABS with 5 mass % of jute fibers made the polymer slightly more brittle [45]. Tensile 

strengths have been found to deteriorate if too many fibers are blended into the polymer. 

The reason for this could be reduced inter-raster adhesion, leading to delamination[51]. 

This tendency has also been observed in some of the current NOVUM material formula-

tions with significantly lower tensile stress at break of printed test samples when com-

pared to injection moulded samples. 

Like fibers, particles can modify the properties of polymers. For example, many metals, 

ceramic and organic compounds have been studied infused into polymers. Titanium ox-

ide, like fibers, has been found to increase tensile strength but make the polymer more 

non-stretchable. TiO2 particles stop the onset of crack propagation, creating a concen-

tration for stress[45]. The same effect has been found with the addition of montmorillo-

nite. In addition, montmorillonite was found to reduce the thermomechanical defor-

mations of the ABS, by acting as tension blockers, and to slightly increase the heat re-

sistance[53]. Particles that absorb the energy of UV radiation and release it as lower 

energy state radiation could also be used to enhance for example ABS. One problem 

with doping fibers or particles can be rheology and the behavior of the materials during 

extrusion. Too much infused material or too large particle sizes can significantly increase 

the pressure required for extrusion, as well as affect the structure of the extruded strand 

[54].  
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To achieve fire retardant properties thermoplastics can be blended with various fibers 

and nanoparticles. It has been found that 3D printed polylactid acid (PLA) can achieve 

UL 94 V-2 fire retardancy rating with addition of 17-weight percentage of melamine pol-

yphosphate but with significantly reduced mechanical properties. This could be com-

bated by addition of cloisite 30B making the material more printable and fire resistant to 

UL 94 V-0 classification, burning stops within 10 seconds on a vertical specimen; drips 

of particles allowed as long as they are not inflamed[55]. UL94 is a standard for safety 

of flammability of plastic materials for Parts in Devices and Appliances testing and de-

termines the material’s tendency to extinguish once the specimen has been ignited. It is 

used in electronics manufacturing and while not exactly usable in areas classified by IMO 

code, it can be useful to point further flammability studies into right direction. In ABS 

blended with clay and multi-walled carbon nanotubes significantly reduced peak heat 

release rate was observed but the material didn’t pass UL94 test. The viscosity of this 

material in melt temperatures was increased[56]. 

Overall the effect of additives and fillers show positive results in the combustibility and 

flame retardancy of materials that could be used in material extrusion printing. There is 

very little literature available for fillers in this specific manufacturing technology and more 

research is required. Still the advances presented are not yet enough for the materials 

to be used inside cruise ships as features that require IMO rated materials.  

4.1.8 Print surface quality and coatings 
Raw additive manufactured surface has drawbacks like uneven surface. This is best rep-

resented when surface roughness is measured in the z-axis, perpendicular to the layers. 

The uneven surface is product of the oval strands created in the extrusion process but 

can sometimes be result of tolerances and stiffness of the printer[57]. This surface rough-

ness and the separate layers can be easily seen especially with layer thickness of 0,2 

mm and above. 

Surface roughness is proportional to layer thickness and nozzle diameter. Therefore just 

reducing the surface roughness by using smaller nozzles and layer thickness will also 

lead to significant increase in print time. M. Alsoufi and A. Elsayed found that when com-

paring 0,1 mm layer thickness and 0,2 mm nozzle diameter to 0,3 mm layer thickness 

and 0,5 mm nozzle diameter there was a 68 % decrease in mean surface roughness of 

he outer faces but a 200 % increase in print time[57]. It is quite safe to presume this 

effect also scales quite linearly when using even larger nozzles. 
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Li et al. found that the surface roughness measured has a significant correlation with 

sensorial perceived surface quality and preferences towards different 3D printed parts. 

However this should not be taken as the objective truth as there are many subjective 

influencing factors in human perception of print quality.[58] 

The surface roughness can be mitigated to some degree by post processing and coating. 

It can be reduced mechanically by sanding, milling or media blasting. There are many 

types of smoothing coatings available. For example Smooth-On’s epoxy based XTC-3D 

which has been used with good results on 3D prints by hobbyists. For industrial large 

scale application and larger nozzle size the product would probably not be feasible but 

for the larger prints some filling and fairing products could be used. One way of smooth-

ing could be to use appropriate solvent vapour to melt the outer surface of the print and 

let it cure into smooth surface. This method would require less manual work but it re-

quires trial and error, might be hard for larger prints, and has an effect on the mechanical 

properties of the print. 

The coatings could also be used to shield the prints from harmful UV radiation, moisture, 

heat radiation, or just as a decorative layer. Due to the harsh environment, these coatings 

would probably be used as the requirements would be hard to achieved only using raw 

polymer without additives and/or coatings. For example polyurethane paint has been 

used to reduce the surface roughness of cabin prototypes and to shield them from UV 

radiation and moisture[59]. 

There are also coatings that enhance the fire resistance of the materials. This is effective 

only up to certain point and might not be able to increase the fire resistance to a level 

required to pass IMO FTP. 

Coating parts in the cases of this thesis always require some manual work, therefore 

reducing the positive impact on the amount of working hours needed for creating these 

features aboard a ship. Most coatings would also require some preparation to be done 

for the prints before coating, like cleaning any residues and sanding or media blasting. 

4.2 Process studies 

Well defined process for design and production of the products is important. The process 

proposals suggest solutions and options for different parts of the whole process chain, 

from designing to manufacturing and installation. Including the softwares that could be 

used before manufacturing phase. 
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4.2.1 Design process 
To preface the purpose of design process study it must be pointed out that there are 

some fundamental changes in design when moving from the current design processes 

of the Meyer Turku shipyard to design for additive manufacturing. Current process starts 

with the architectural design, which is then refined to be more suitable for manufacturing 

and recreated as well as possible with the tools and materials available for example 

through forming and welding sheets of metal. There are great efforts to make installation 

materials standardised and utilising these standardised materials is a priority. After the 

design is done it must be converted into technical drawings. With AM the need to con-

sider tools and materials is different and the needs originate from the printer specifica-

tions and materials. One key difference is also that when constructing such objects as 

bar facade and pillar cover they cannot easily be changed during the postprocessing, 

assembly, and installation phases if for example there are larger tolerance issues or an 

error in design, requiring at least a part of the assembly to be printed again if it cannot 

be saved by modifying the existing print. Modularity can help in combating these issues. 

Design process of these public visible features must start with either internal concept 

development or in co-operation with the vessel buyer. This enables more tailored end-

result. 

To produce 3D prints a 3D file needs to be created in CAD (Computer Aided Design) 

program. This model is further processed in slicing software. Some CAD tools might 

have a built in slicing software, but many slicing softwares are manufacturer specific. The 

CAD file is usually exported into another format that the slicing software can accept. 

Commonly used formats are .STL (Standard Tessellation Language), X3D, Wavefront 

OBJ. All of which can use triangular mesh to represent geometry of the 3D-model, rather 

than solids that are used in for example STEP (Standard for the Exchange of Product 

model data).[60] 3D-models used in AM have to be volumetric and therefore the mesh 

should also be error free and have no holes. Exported mesh from solid model CAD soft-

ware are quite trouble free if designed correctly but for example surface modelling pro-

grams such as Autodesk Alias and Rhinoceros are more prone to creating unclosed sur-

face meshes and therefore errors. The conversion from CAD to mesh and further to 

sliced 2D tool paths result in small errors every time as every level of conversion is an 

approximation. The less triangles in a contour, the less accurate. The larger nozzle and 

layer thickness, the less accurate surface as a result. This effect is demonstrated in Fig-

ure 8. 
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Figure 8. (A) The process of converting a three-dimensional CAD geometry to a 
.STL surface model. The coordinates of the intersection points between the slicing 
plane and the legs of each facet are calculated and then connected to form the 
geometry of each slice contour. (B) The geometric error that results from approx-
imating a curve with line segments. (C) The geometric error that results from ap-
proximating a three dimensional geometry with discrete layers.[61] 

As it is very time consuming, and sometimes impossible, to fix the mesh errors in the 

original design software. It might be wise to implement a separate software process to 

fix issues in mesh. As additive manufacturing is used more broadly in different industries 

the importance of these software increases. Autodesk Netfabb, Autodesk Meshmixer, 

Materialise Magics to name a few mesh repairing softwares. Of course, these solutions 

are not perfect and there is lots of guesswork involved as the algorithms try to fill in the 

gaps, quite literally. The software level chain from the start of the design to printing is 

presented in . 
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Figure 9. Typical software levels in AM design 
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The importance of well thought of and designed 3D model cannot be understated. The 

design problems can be described by the interaction between function, material, process 

and shape where every category interacts with each other[28]. Every choise made in 

design process carries over and effects manufacturing process and end results.  

It is very important to have the necessary information and specs of the printer used to 

create the objects. Designer must know these specifications and quidelines of the printer 

and the material. Lacking information can result in a situation where the design cannot 

be finished without knowing printer specs but printer or its settings cannot be decided 

without a good enough CAD model. Experience helps designer to make a educated 

guess on print times and printer specifications. Nozzle diameter is especially important 

in optimised and well-designed ME prints that aim at lightweight structures and tighter 

dimensional tolerances. Nozzle diameter influences several factors such as optimal layer 

height, wall thickness, flow and print time. 

One important design consideration for optimised designs is overhanging geometries. 

As the AM process creates parts layer by layer, depending on the technique there might 

be need for support structures. With ME support structures are required under overhangs 

exceeding certain angle to avoid gradually reduced surface quality. This threshold over-

hang angle is dependant on the printer properties, print settings and material properties. 

Overhang angle is demonstrated in .[62]  

 

Figure 10. Demonstration of overhang angle.[62] 
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The acting forces in the chosen cases are mostly caused by human interaction. Although 

the chosen cases are not meant to be stood or sat on, there is a high probability they will 

have to endure impacts of people falling over or leaning on the prints. For the cases this 

would mean that the defining design stress would rather be occasional impacts than a 

cyclic loading leading to gradual fatigue. In high wind areas the pressure excerted by 

wind might be necessary to take into account. According to shipyard aerodynamic engi-

neer the used design load would be 25 kPa of pressure. This should be taken into ac-

count especially with free-standing objects with large surface areas. 

For the design study and preliminary concept creation the forementioned selected cases 

were studied and developed further. As the concepts were studied further the feasibility 

of cases unfolded and became more clear. In early stages of concept creation, the scope 

was defined to a basic concept that will be refined once the production line capabilities 

are specified and visually designed with an artist to ensure appealing and fuctional form 

of the visual facades. 

 

4.2.2 Manufacturing process 
For manufacturing the shipyard has two routes: internal production or external subcon-

tracting. External subcontracting would include subcontracting through subsidiaries 

and/or partners. Due to the nature of the shipyard production environment described in 

chapter 1.3 it is quite probable that after piloting the production of these features will be 

done by subcontracting the design, manufacturing and installation.  

ISO/ASTM 52901:2018 defines and specifies requirements for purchased parts made by 

AM. It can be used as a helpful guide when discussing the manufacturing and endproduct 

with subcontrancting features. Although if the prints are provided as a part of a area the 

subcontractor ordering the prints is most probably also the one responsible for the whole 

area in question.  

The manufacturing process should include printing and any post processing done, in-

cluding assembly.  
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4.2.3 Installation process 
Installation should be kept as straightforward as possible. A key aspect when considering 

installation is to practise modularisation principles as much as possible when designing. 

Any work carried out aboard ship, while it is in outfitting stage, is more time consuming 

and labourous than in other production environments in the shipyard. Therefore it is also 

more costly. Any work that can transferred from installation to assembly phase will ben-

efit the feasibility of these structures. Utilising benefits of 3D printing to give the produced 

assembly an edge over traditional installation is preferred. Ultimately the goal would be 

to have a great amount of functionality included in the assembly to be installed aboard.  

 

4.3 Design 

As an effort to create more easily distributed marketing material and to aid the design 

process a virtual digital mockup area dubbed “Blank slate” was created. 

This area helps to define characteristics and functions of the products without actually 

tying the cases to a single newbuild. It has an area of 10 m x 10 m and consists of 

rounded front of an outside structure, which has a bar area embedded, and a lip from 

upper deck that is supported by two 5,5 inch diameter pillars. A render of the Blank slate 

virtual mockup can be seen in Figure 11. 

 

Figure 11. Blank slate virtual mockup. 
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4.3.1 Bar façade  
The bar façade acts as the forefront for the whole bar and hides the installation of the 

bar utilities. In virtual mockup the front of the bar projects as a 6 m wide but being slightly 

curved results in façade length of 6177 mm. There are customer dependent guidelines 

that need to be followed when designing bar and its accessories. The end goal for design 

is to create a novel solution and visual experience for the passengers. 

4.3.2 Pillar cover 
Structural pillars span the ship from bottom to the top. These pillars help stiffen the mas-

sive ships. In some public spaces covers are used to conceal the pillars and make them 

more suited to their surrounding. For the Blank slate virtual mockup area a 3200 mm 

height is used to represent a typical deck height, but the deck height can be smaller and 

as such it might be possible to make pillar covers from smaller or less sections than in 

this thesis. 140 mm (5,5”) diameter pillar is used to represent a typical smaller diameter 

pillar. With this type of pillar, the maximum diameter of a cover shouldn’t be larger than 

600 mm. The pillar cover should be as thin as possible, but for artistic purposes, this can 

changed to suit the vision. A pillar can have flanges welded into the surface to attach any 

covers, cables etc. to it. An example of such pillar and flange can be seen in Figure 12. 
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Figure 12. Pillar with flanges for installation of covers and features. 

4.4 Feasibility study 

The benefits of using LSAM for production of these features should be assessed and the 

feasibility of such features should be determined. Main areas of focus are costs, weight, 

sustainability, competitive advantage and customer satisfaction. Few conclussions 

based on the preliminary concept cases are presented in chapter 5.6. 
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5. RESULTS 

5.1 Pilot line specifications 

Critical requirements for pilot line specifications and features were defined. Suggestion 

for build envelope was determined by studying the dimensions of determined cases. The 

proposed dimensions of different cases and the minimum build envelope suggested can 

be found in the Table 7. The critical dimensions highlighted with red have been derived 

from assessing the geometries of the cases, optimal print orientations, assembly meth-

ods, and seam placement. 

Table 7: Maximum dimensions of case objects and suggestion for build enve-
lope. The most critical dimensions have been highlighted with red. 

Case x  y z 

Pillar cover 600 600 3400 

Cabana 3000 3300 4000 

Bar counter 6000 1000 1020 
Space divider 3500 2000 3400 

Shower floor prototype 2000 2000 150 

Build envelope suggestion 2200 1100 1100 
 

A suggestion for the features of the pilot line and their assigned development priorities 

was made. Suggestion was based on discussions with shipyard experts and technology 

experts. The priorities can be found in Table 8 whereas the features and capabilities are 

described more in depth in appendix 1. The pilot line shall enable automatic quality con-

trol, milling of surfaces and features, and print removal. It was determined that the pilot 

line post processing shall not include coating and little to no assembly. Coating would 

require extensive equipment to keep production areas clean from dusting and assembly 

of the cases was deemed unfeasible to automate in the scope of NOVUM project.  
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Table 8. Feature priority list for the NOVUM pilot line 

Feature description Ran-

king 

Priority 

class 

Pilot line able to separate large supports 1 High 

Pilot line makes sure the supports are cleaned off completely 2 High 

Pilot line able to mill/cut interfaces 3 High 

Geometry verification of printed part critical areas 4 High 

Pilot line able to mill/cut parts 5 Medium 

Automatic part transport to precise assembly position 6 Medium 

Quality control of defects 7 Low 

Geometry verification of printed parts 8 Low 

Automatic part transport to post processing stations   Low 

Print extrusion monitoring   Optional 

Installation of functional items during printing    Optional 

Changing tools/feedstock    Optional 

 

5.2 Design process 

The framework for design process and the problems presented in chapter 4.2.1 lead to 

the conclusion that the best-case scenario is to have a very modifiable 3D model to start 

with. Unfortunately, compromises must be made to balance initial freedom of design and 

ease of design with modifiability and parametric design. Sometimes this also leads to 

compromised mesh quality and requires selecting between surface, for example non-

uniform rational basis spline (NURBS), based and solid based 3D modelling software.  

The preliminary concepts for cases 1 and 2, bar façade and pillar cover, were done with 

Solidworks 2016. During this process it became very apparent that this software is chal-

lenging when dealing with complex freeform shapes as the combination of parametric 

design and freeform splines might end up with unexpected results or errors. As solving 

these issues can take fairly long time it would be recommended to explore alternative 

solutions, for example Rhinoceros 6 coupled with Grasshopper parametric design add-

on and fixing possible resulting mesh errors with a mesh repairing software.  
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The better the critical design elements and functionalities are defined before starting the 

3D model design, the streamlined choices can be made down the line as with the in-

creased design freedom the need to consider all necessary data becomes even more 

prominent. These critical design elements and functionalities should be discussed in 

depth with the appropriate parties. In the architectural 3D prints there most likely exists 

a vision by customer architechts in the form of an architectural 3D model. In these cases 

it is beneficial to evaluate if the model can be used as a base for the 3D model to be 

used in printing. The criteria that needs to be evaluated is different in every case, but 

generally it revolves around the file type, integrity of the geometry and the ease of ma-

nipulating the design. If the provided model is created in quite restrictive design format 

that cannot be modified easily in other softwares, it most likely won’t be feasible to build 

the 3D model for printing around the provided model as there will probably be some 

design tweaks required to make the print more feasible. The proposed process flow for 

architectural 3D prints in cruise ship is depicted in Figure 13.  

After the initial concept creation, the design should be adjusted using best practises De-

sign for Additive manufacturing. Additive manufacturing requires a different mindset for 

design than substractive methods as the less material is used, the lower the costs are, 

whereas in substractive methods one would try to reduce the machine time by substract-

ing as little as possible. This way of approaching designs, when used holistically, can 

also lead to significant weight reductions.  

 

Figure 13. Flow chart depicting general design process for architectural 3D 
prints for cruise ships. 
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To efficiently design for additive manufacturing, especially to material extrusion technol-

ogy, there are few important choises to consider; design for orientation, contour design, 

multipart prints, and support structures. 

Print orientation greatly affects the resolution and strength of parts. As a rule of thumb 

the prints printed flat will have the greatest strength, lower print times but might suffer 

visually from lower resolution, especially with larger layer thickness. The prints printed 

standing upright will have a greater resolution and can be more visually pleasing, but will 

suffer from lower strength due to anisotrophy. To have well orientable design the require-

ments for visual and mechanical properties need to be clarified as soon in the start of 

the design process as possible. 

Supports are pieces that enable printer to create overhangs and bridges that otherwise 

would collapse. They are removed and discarded after finishing the printing process. 

Minimizing support structures will lead to cost savings due to reduced material waste 

and generally lower print times. They can be mitigated completely or reduced by using 

chamfers with the maximum overhang angle that the printer is cabable. The need for 

support structures should also be one influencing factor in print orientation.  

As the larger parts cannot be printed as one print due to limitations of printer build vol-

ume, the parts need to be split into multiple prints. With appropriate design the seams 

can be incorporated into the structure. Multiple piece prints can also be used for benefit 

if support placement or strength of the parts can be improved by splitting the print into 

specific differently oriented parts. 

Last, but not least is the contour design. In thin parts the optimal wall thickness is a 

multiplication of the nozzle diameter. Keeping this in mind enables the designer to make 

as thin walls as is beneficial for a certain extruder configuration. 

5.3 Case designs 

For the preliminary concepts parametric models were made to enable quick changes to 

for example material thickness or lowest overhang angle. These designs can be consid-

ered as reference parts, defined by ISO 52901:2018; part with characteristics similar to 

the desired final parts but with different geometry or scale or features that can be easily 

measured or characterized[63]. They help determine some useful early qualities, func-

tionality and interfaces. The finished products shall be redesigned to be more visually 

pleasing and to have mutual theme suited for the overall aesthetics of the area. 

The chosen material thickness was 8 mm which enables sclicing software testing of up 

to 8 mm nozzles. Lowest overhang angle was set to 45 C. 
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The cases designed in Solidworks 2016 were imported to the virtual mockup area Blank 

slate in Rhinoceros 6 to have an overview of the resulting concept. Rendering of the 

results can be seen in Figure 14. 

 
Figure 14. Virtual mockup with bar facade and pillar covers prints installed 

(Blue). 

5.3.1 Bar façade 
The bar area and counter has been designed according to Royal Caribbean Group bar 

guidelines [64]. These guidelines define the dimensions and features of this kind of a bar 

counter. For this façade a height of 1020 mm and depth of 100 mm was appropriate as 

shown in Figure 15. This gives quite plenty freedom to make three-dimensional shapes 

while keeping in mind the requirement for pipes, cables, and other installation equipment 

to be installed under.  

Bar façade was used to help determine the optimal print area. A minimum printer enve-

lope of 1 m x 1 m x 1 m volume, which translates into 1,41 m diagonal length, was 

proposed previously in NOVUM-project. The 3D form of the façade should be used to 

conceal the part assembly seams, to represent this an approximately 25 degree angle is 

used with an overlapping lip in the preliminary model, which can be seen in Figure 16. 

This results in usable length for parts of around 0,95 m meaning the bar façade would 

consist of at least seven parts. This would result in a big limitation for design freedom in 

any large objects. Façade also needs flanges implemented façade to help assembly of 

the parts and installation into bar structure. Due to these limitations the pilot line specifi-

cation for gantry size was improved to 2 m x 1,5 m x 1 m. and print volume of around 2 

m x 1 m x 1m resulting in diagonal length of 2,23 m and usable length of around 1,75 m. 

The bar façade was designed as a five-part print. 

The lip in Figure 16 is intended to reduce the visibility of the seam. This would enable 

the assembly and use of the raw printed material without coating if deemed feasible.  
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Figure 15. Bar counter dimensions 

 

Figure 16. Seam between bar counter parts 
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5.3.2 Pillar cover 
A typical pillar would consist of at least three to four sections (Figure 17) that are printed 

upright and are as thin as possible while retaining their impact strength and rigidity and 

print quality. Each section is divided into two halves. One half will be screwed/bolted into 

the flanges of pillar. One of such sections can be seen in Figure 18.The halves have 

interlocking interfaces that help hold the halves in place while adhesive is used to secure 

joints between the two halves. If the pillar covers need to be disassembled to access for 

example the cables inside the pillar covers, the halves can be designed to be assembled 

with flanges enabling srew joints. The parts that make up the separate halves can be 

assembled before installation onboard to speed up the overall process. 

 

Figure 17. Layout of the pillar cover. 
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Figure 18. One part of the pillar cover assembly. 

5.4 Manufacturing process 

The manufacturing process can be simplified into few steps. This thesis focuses mostly 

in the aspects of manufacturing large scale 3D printed objects with the help of NOVUM 

automated pilot line, but it should be noted that the process in its core would be quite 

similar if the pilot line automation is replaced with manual labour. Figure 19 shows a 

simplified flowchart of the whole process after the design process is completed. It in-

cludes few case-dependant optional steps; assembly and coating. In very early stage of 

pilot line design it was decided that coating would be done separately from the pilot line 

to reduce contaminants and complexity in the pilot line. The benefits of the assembly 

cababilities of the pilot line are also quite debatable with the involved complexity espe-

cially if production quantities are low. 

3D printer/s
Quality control 

station
Post-processing 
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Part transfer to 
further post 
processing
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Raw 

material
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3D model

Coating Installation
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Figure 19. Basic flowchart of manufacturing process 
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The cases discussed in this thesis can all be considered one-offs or of very limited pro-

duction quantities. This would mean that with low utilisation the bottlenecks in the man-

ufacturing process or higher processing times are not as relevant if they don’t dramati-

cally influence the price, for example high cost of printing time. While this is currently the 

case, the potential downsides in the manufacturing process should still be discussed and 

looked into to ensure optimal output from the manufacturing line. Many proposed cases 

will be made out of parts and this increases the need for a quite smooth production pro-

cess, since all bottlenecks will multiply during manufacturing of a single assembly. 

Bottlenecks that are very apparent in the concept stage are 3D printing and curing times 

of adhesives and coatings in assembly and coating stages respectively. In order to have 

a better idea of the time involved in printing the objects, a slicing software Ultimaker Cura 

4.8.0 was used to calculate print times for different nozzle sizes, layer heights and print-

ing speeds. The results of the calculations are presented in Table 9. When the ND-LT 

stays the same, the print time increases exponentially as a inverted function of the nozzle 

diameter. It seems that for these prints the 4 mm nozzle is quite a good compromise print 

time-wise to still make smaller than 8 mm walls possible. 

Table 9. Calculated weights and print times. Weights are calculated with mate-
rial density of 1,2 g/cm3. 

Case Part 
Weight 

[kg] 

Nozzle diameter 
[mm] 4 4 4 2 8 

Layer height [mm] 2 2 2 1 4 

Print speed [mm/s] 50 100 200 100 100 

  Print time [h] 

Bar Fa-
cade 

Complete 69,139  40,4 20,6 10,8 89,4 12,1 

Part 1 9,218   5,38 2,73 1,43 11,88 1,40 

Part 2 16,866   9,82 4,97 2,57 22,18 2,88 

Part 3 16,971   10,03 5,20 2,78 21,28 3,53 

Part 4 16,866   9,82 4,97 2,57 22,18 2,88 

Part 5 9,218   5,38 2,73 1,43 11,88 1,40 

Pillar co-
ver 

Complete (3x) 29,679  21 11,7 7,26 46 5,85 

Part 1_1 5,316   3,87 2,22 1,45 8,20 1,07 

Part 1_2 4,577   3,12 1,67 0,97 7,13 0,88 
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Most likely, these print times would mean the automated pilot line is not fully utilised 

when producing such objects. Naturally this depends on the size of the prints, but this 

shouldn’t be used as an incentive to make the prints from smaller parts than possible or 

necessary as doing this increases the overall process time due to some setup work 

needed when starting the print and with larger parts cooldown is required. On the other 

hand, having an automated post processing line idling while printing many parts on one 

batch is not ideal.  

5.4.1 Support removal and milling 
Support removal and milling is only expected to reach an acceptable surface roughness 

on the outer surfaces of the model. With for example a turntable design this would mean 

that the robot is able to reach the top and side surfaces of a model. This decicion for 

requirements was made to make it possible for pilot line to be able to process heavier 

prints without having to invest into more expensive heavier payload robotic arms. For 

final support and geometry design, it is required to know the minimum dimensions re-

quired for robot access to milling/support removal. The support and interface design and 

placement will be designed keeping these limitations in mind. If at some point it is nec-

essary to have heavy prints with supports located under or inside the print, the unacces-

sible supports can be removed manually after rest of the post processing steps in the 

pilot line have been completed. 

5.4.2 Assembly methods 
For assembly of the printed parts a number of different common approaches for joining 

the parts are available. For these concept cases mechanical fastening, adhesives, fric-

tion stir welding, or a combination of these is explored. The choice depends on the ge-

ometry of the part and material suitability. For any structural parts the assembly and 

installation methods should be revisited more in depth to ensure correct safety margins 

are met.  
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Mechanical fastening could use bolt joints with for example through bolts or screwing 

into heat inserts. Mechanical joining would make the parts simple to assemble and dis-

assemble. It would not require waiting for chemicals to cure but the manual nature of 

assembly with mechanical joints might lead to lower work pace compared to the other 

methods. The joints lead to stress peaks that can lead to further disadvantages combined 

with the anisotropic nature of the 3D prints. For the bolt joints to be effective they need 

to be able to be torqued to certain force, which might be impossible with some prints[65]. 

When using larger nozzles the holes for screws and inserts would most likely need to be 

drilled to achieve adequate results as the resolution of the print might not be enough to 

achieve low enough tolerances. 

In adhesive joining adhesive is applied between the parts and the parts are pushed to-

gether. Adhesives can be quick to apply, but depending on the adhesive, it might require 

certain environmental parametres. This method reduces the force peaks to the joined 

parts by creating an even distribution of tension but the overall strength of joint might be 

hard to determine. Adhesive joints will be quite hard to disassemble without damages to 

the part. Some notches can be implemented in the design to help position and hold the 

parts in correct place during assembly. Structurally the most influential geometrical de-

sign parameter is the seam length. It is advised to keep the adhesive joints symmetrical 

to avoid creating larger stresses to one end of the joint.[65]  

Friction stir welding involves a cylindrical, conical, or threaded tool that spins creating 

heat from friction, this tool is moved along the material seam (Figure 20). It has been 

proven to be an effective joining method for polymers. Sadeghian et al. achieved 99,1 % 

joint efficiency of welded joint on ABS sheet[66]. This joining method while being quite 

economical, is still quite complex and would require a machine to operate the welding 

tool for best results, but needs to be looked further into.[67] 
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Figure 20. A schematic representation of friction stir welding[67]. 

If the façade is faired and coated, a straight overlap without a flange could also be used 

for adhesive joining, or friction stir welding parts parts together. Although this would re-

duce the overall area of adhesion. Fairing and coating would conceal the visible seams 

left by this method. 

For adhesive, stir friction welding and solvent welding the compatibility of materials need 

to be tested or ensured through other means. Adhesives and mechanical fasteners are 

the preferred method until friction stir welding can be proven feasible. 

5.4.3 Pilot line process 
The following is the proposal for the pilot line process after 3D printing has finished For 

some objects, if needed, the print process could be paused and the object moved to 

intermediate post processing and back to printer to continue the printing process. This 

approach could be utilized with pillar covers if necessary, due to too small clearances for 

the milling head to reach the snap-on fitting flanges. 

The preliminary bar façade design does not have any structures where supports are 

required. Therefore, for the façade support removal won’t be utilized.  

1. Part transfer to post processing station. 

2. Geometry verification (print is compared to the 3D model). 

3. Support removal if applicable. 

4. Interface milling (depending on the assembly method). 

a. Mechanical fasteners: holes and mating surfaces milled to match. 
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b. Adhesive: no milling required for filler adhesives. 

c. Stir friction welding: seam mating surfaces milled to match. 

d. For pillar covers: Interfaces between pillar halves need to be milled as the 

resolution provided by large nozzles might not be adequate. These inter-

faces include the seam surfaces and the snap on fittings. An example od 

such snap on fitting is presented in Figure 21. 

e. Any faces of the objects that need to be geometrically accurate or 

smoother than achievable in the printing process. 

5. In the case of 4) a,c,d,e, geometry verification of milled surfaces to match the 3D 

model. 

 
Figure 21. An example of a snap on fitting concept for pillars for larger nozzle 

sizes. The orange areas would have to be milled to create accurate for due to re-
sulting lower resolution. This view angle of the print would be from top to down 
as the fittings should need to be oriented in the layer direction to achieve most 
optimal results for durability. 

 

5.4.4 Installation 
To achieve additional benefits from streamlined installation the prints should have well 

defined and possibly standardised installation methods. This would include determining 

the geometry of installation and the way of installation. For the concepts a preliminary 

proposal of installation method was proposed in the case designs. Due to the prints 

printed into accurate shape and being relatively stiff, they would be easy to fasten to the 

structures they are covering. 

The weight of the concepts would also contribute to their ease of installation. Pillar cover 

would be quite easy to transport with one half weighing about 15 kg but in case of the 

current concept for the bar façade and moving around the weight of 70 kg would require 

additional tools. 
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Adhesives and mechanical fastening will be used for installation aboard ship. Mechanical 

fasteners could be bolts threaded through the counter with heat insert threads installed 

in the print. This would require holes in the print, which might be hard to print with large 

nozzle sizes, requiring a separate drilling operation to be done in post processing phase.   

5.5 Material study 

Under the scope of this thesis the conducted material study was non-conclusive. At this 

stage there are too many variables to make a good decision on material.  

One aspect that affects material choise is the reliability and ability of the printer and 

printing process to produce good quality prints from harder to print materials. If the printer 

has sufficient build chamber temperature control then ABS with UV fillers and preferably 

partly recycled from shipyard waste could be one promising material. It would have a 

good heat deflection temperature without too much additives and is readily available. If 

there are issues with printability, a PET modified for higher heat deflection temperature 

could be a good material.  

5.6 Feasibility study 

For the feasibility study areas of weight, costs, sustainability, and customer satisfaction 

were briefly studied. No conclusions on competitive advantage could be made as there 

was still too many open variables in the production methods of the concepts presented 

in this thesis. When the development and study is continued the feasibility should be 

revisited with the new data available. 

5.6.1 Weight 
A plain aluminium sheet, made from 3mm sheet of 5005 aluminium, that is the size 

needed for the bar façade, 6177 mm x 1020 mm, weighs 51,03 kg. The weight of the 

preliminary bar façade is estimated at 69,14 kg and therefore is 36 % heavier than the 

option of aluminium sheet with a vinyl print. This is quite significant difference especially 

if these prints are used more widely aboard ship.  
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There are couple quick ways to reduce the weight; change wall thickness, create cutouts 

in the flanges, and design a sandwich structure using smaller diameter nozzle. Different 

wall thicknesses should be studied to determine what thickness provides the optimal 

results with durability and weight. In conjuction with the study on wall thickness a solution 

for optimal 3D printed sandwich construction should be studied and considered. Enabling 

an efficient sandwich structure will most likely require using a smaller nozzle than 4 mm 

diameter one and therefore increase the print time somewhat, but could result in greater 

stiffness and strength to weight ratio. Cutouts to the flanges for cables and other utilities 

should provide a weight saving of at least few kilograms.  

5.6.2 Costs 
It is hard to determine the costs involved in the production of these features with many 

variables still open, but few assumptions can be done. There are many studies con-

ducted on the costs of AM. Some studies have found that the machine and material costs 

are the most significant factors in AM[5] . This is especially true in metal AM and with 

espensive machines but with some AM techniques the costs from materials and ma-

chines can be quite different. For material extrusion Fauth et al. found that material and 

machine costs made 52-73 % of the total costs for three selected FDM machines. Waste 

material and supplier-original material makes the material costs quite high. With FGF the 

usage of common granulate materials for injection moulding can make the material 

cost/kg very low compared to 3D printing filaments. Overall the machines can be oper-

ated quite cheaply and simple compared to for example metal powder bed fusion. Fauth 

et al. also created a Total Cost of Ownership model for specifically FDM machines which 

tries to include every cost component that is involved in operating such machines. The 

graphical representation can be found in Figure 22. Though shipyard might result in sub-

contracting, this model helps figuring the costs involved in such production.  
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Figure 22. Total cost ownership model for AM.[68] 

 

5.6.3 Environmental 
The conclussions about sustainability of AM can vary greatly under different situations 

and should be considered case by case. AM can have lower environmental impact when 

compared to the traditional manufacturing technologies if used correctly. One difference 

is the amount of waste material when compared to substractive manufacturing as there 

is very little to no waste material created when producing these features, especially when 

properly designed. Also in many cases no separate tooling, moulds or fixtures is required 

for making the parts.[69] 

Some studies have found that energy consumption can be 50-100 greater when com-

pared to injection moulding process. Which makes sense when energy per part is com-

pared in mass production, whereas if the production batches are small the moulds re-

quired in injection moulding tip the scales.[69] 

Material extrusion has been found to create particle emissions. These particle emissions 

differ greatly when using different materials with for example ABS resulting in 10-100 

times more particulate emissions than PLA. This also has been found to depend much 

on the manufacturer of the material[70]. These emissions could be reduced with imple-

mentation of appropriate filters. 
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Li et al. concluded that when compared using Eco-Indicator 99 to stereolithography, 

polyjet printing, and material extrusion had the lowest environmental impact. The impact 

can be considerably influenced when varying the infill amount of material extrusion 

parts.[58] 

Especially biobased and recycled materials would make the process of producing this 

kind of prints even more interesting ecologically. The whole process chain environmental 

impact should be considered to actually reach a more environmentaly and socioeconom-

ically friendly process. Attention should be paid to the origins and the end of lifecycle of 

the materials used. For example avoiding biobased materials that take resources from 

food production, like corn starch used in some biocompounds, and making sure the pro-

cess of recycling has smaller environmental impact than the manufacturing of virgin ma-

terials. Shipyard ABS seems easily usable as the welding spools are quite clean and 

only require the labels to be removed, not disassembly and sorting and so on. 

It can be concluded that there is a solid case for and against the sustainability of AM, but 

for the use case presented in this thesis AM can be considered quite sustainable. The 

products are unique or very small production batches, designed with minimal material 

waste. If appropriate precautions are taken with the particulate emissions and the sus-

tainability of the material is taken into account, this production method could be found to 

be quite sustainable through the lifetime of the products. 

5.6.4 Customer satisfaction 
If costs associated with production of these AM features can be kept competitive against 

the traditional methods a increase in customer satisfaction can be predicted due to new 

design freedoms and possibility of creating novel visual experiences aboard state of the 

art cruise ships. 

The longevity and the maintenance required during the whole lifecycle of these features 

should be also considered to create a holistical picture on the customer costs and expe-

rience. Negative impact on customer satisfaction can occur if the features for example 

attract much dirt and are difficult to keep clean due to their surface finishing, or in worst 

case lose their shape due to creep in high tropical temperatures. 
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6. CONCLUSIONS 

In this thesis the overall process of designing and manufacturing LSAM features in cruise 

ship outfitting was created and described with suggestions and requirements for NOVUM 

pilot line. Even though material study was non-conclusive, ABS and PET-G granular 

feedstocks seem like good options. 

Preliminary concepts for 3D printed features were created and used for process devel-

opment. Aim of the research was to find a suitable initial guess for full order to delivery 

process for LSAM. Proposed order to delivery process was found and throroughly argu-

mented to suit maritime business environment.  

Implementing this process in practice will present actual pitfalls of it and will supply the 

list of further research topics. Needless to say it will be interesting to follow how the 

industry will be able to exploit the results of this research and to see how regulatory 

bodies will adapt to the more widespread maritime use-cases for AM and support it as a 

maritime suited production technology. 

LSAM of cruise ship features and façades can present many benefits like design free-

dom, feature integration, reduced logistic chains, circular economy, installation stream-

lining. However, to achieve these benefits, a good knowledge of all the aspects involved 

is required.  

In their review of AM and the MCS J. Bergsma et al concluded that “it becomes clear 

that the available knowledge is superficial and that the true extent of the added value of 

additive manufacturing is largely unknown for the maritime construction sector.”[10] 

Throughout this thesis it has became clear that this statement holds true also in the cases 

presented here. There is very much to take into account to successfully implement such 

technology as AM in the environment of maritime industry and there can be very little 

information available on specific applications. It seems that learning by doing is the only 

way to acquire accurate application specific know how on the process and feasibility of 

AM. AM is already a disruptive technology in some industries and to keep up with the 

advances already going on in MCS the implementation must be studied and tried more.  
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APPENDIX 1: NOVUM PILOT LINE FEATURE 
PROPOSITIONS 

Printer envelope is requested to be approximately 2000 mm x 1000 mm x 1100 mm. 
Printer developer shall provide the precise envelope specifications. For this size the ap-
proximate maximum part weight should be around 40 kg. A possibility of heavier prints 
could mean that the pilot line post processing is not required. For current use cases, the 
manufacturing is not intended as mass production, but more as a means of creating 
small batches or one-off designs. The dimensions of cases require the prints to be made 
from multiple parts, at least during pilot line phase. 

 

Table 1: Dimensions of cases. Red dimensions are considered critical 

Case x  y z 

Pillar cover 600 600 3400 

Cabana 3000 3300 4000 

Bar counter 6000 1500 1020 

Space divider 3500 2000 3400 
Shower floor proto-

type 2000 2000 150 

Build envelope 2200 1100 1200 

 

 
Requirement priority list is as follows. Eight most high priority ranking features are ranked 
from 1 to 8. Features are also ranked as high, medium, low and option –priorities. Option 
priority being a case for future development. 

 

Table 2: Requirement priority list 

Requirement 
Ran-

king 
Prio-

rity 

Pilot line able to separate large supports 1 High 

Pilot line makes sure the supports are cleaned off completely 2 High 

Pilot line able to mill/cut interfaces 3 High 

Geometry verification of printed part critical areas 4 High 

Pilot line able to mill/cut parts 
5 Me-

dium 

Automatic part transport to precise assembly position 
6 Me-

dium 

Quality control of defects 7 Low 

Geometry verification of printed parts 8 Low 

Automatic part transport to post processing stations 
 

Low 

Print extrusion monitoring 
 

Option 

Installation of functional items during printing  
 

Option 

Changing tools/feedstock  
 

Option 

 
If not possible to implement in the pilot line, a manual workaround can be implemented 
for every feature. 
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Interfaces are critical areas that are meant for contact or installation. For example print-
to-print interfaces or installation interfaces. 

 

Pilot line able to separate large supports 

Print support feature is needed. Prints are designed with minimum amount of support 
structures but will still have a need for supports.  

Pilot line removes supports from the outside perimeter of the prints. The support re-
moval method is not specified. Pilot line can use for example a turntable to rotate object. 
This turntable can further used in for example geometry verification. 

 

Pilot line makes sure the supports are cleaned off completely 

Pilot line removes supports so that there is no residue of the support structures visible. 
This ability can further be expanded to include also support structures not located in 
the outside perimeter of the prints. 

Pilot line able to mill/cut interfaces 

Pilot line can cut interfaces to ensure precise geometry and greater surface quality. 

Interface placement has not yet been discussed. There is a possibility to have a set of 
predetermined positions if deemed necessary. 

Geometry verification of printed part critical areas 

Pilot line can verify geometry of critical areas, limiting the total area that needs to be 
verified. Pilot line should be able to determine the position of these critical areas, such 
as interfaces, relative to each other to verify that for example installation tolerances 
match. 

Pilot line able to mill/cut parts 

Pilot line can create smooth and accurate geometries by subtractive methods. The ar-
eas can be restricted into outer surfaces.  

Automatic part transport to precise assembly position 

Pilot line is able to transport parts to precise pre-determined assembly positions. The 
assembly can be carried out by people or automated. For complex shapes and inter-
faces the aim is to keep the critical dimensions within tolerances. 

At this point the preferred assembly methods have not yet been decided and as such it 
is impossible to determine what method shall be used.  

Quality control of defects 

Detect surface defects and irregularities in the extrusion process that might not other-
wise be noticed. 

Automatic part transport to post processing station 
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Pilot line able to move printed parts automatically between printer and post processing 
stations. Perhaps functionality could also be expanded into quality control checks dur-
ing printing process. 

Geometry verification of printed parts 

Full geometry verification of printed parts to determine difference of dimensions be-
tween the 3D-model and the printed part. Warping and other defects can therefore be 
noticed after printing.  

Print extrusion monitoring (Option) 

Printer monitors extrusion quality, which can be used for process quality verification 
and also as a means to preliminary verify part surface quality. Feature would enable 
the pilot line to correct/discard failing prints in the printing phase, rather than after the 
part is fully printed. This feature is currently out of the development scope and placed 
as an option for future consideration. 

Installation of functional items during printing (Option) 

Capability to install for example fixtures, structural reinforcements, wires during printing 
process. 

Changing tools/feedstock (Option) 

Printer and/or pilot line able to change tools and feedstock during printing or post pro-
cessing. 
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Figure 1. Priority and relationship diagram of the pilot line features. 

 


