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I. PREFACE
Innovation in a conservative industry is a big challenge with difficult steps to take. I am happy I could be part of the
team at Heijmans who try to search what the future of the construction industry will look like. Their involvement in
the 3D Print Canal House in Amsterdam and my interest in 3d printing was the match for the start of this project.
This master thesis is the final result of my graduation project conducted at Heijmans Technology in Rosmalen, the
Netherlands. The graduation project is the result of my master at the department Architecture Building and Planning
within the track Building Technology at Eindhoven University of Technology. The research is guided by prof.dr.ir.
Jos Lichtenberg and ir. Arno Pronk from the Eindhoven University of Technology. Together with ir. Alma Krug from
Heijmans Technology they form the graduation committee for this project. I would like to thank my graduation
committee for their support, feedback and guidance on the road to this final report.
A special thanks to Alma Krug who helped me a lot during the project. The importance of a proper plan to make steps
in innovation was a great lesson. I also would like to thank Jordy Vos for his help to introduce me into the world of
3d printing at Heijmans and the Canal House. Another colleague at Heijmans, Sander Willems, thanks for all the help
with realizing the great #3DPrintFacade contest!
I would like to thank everybody who helped me to shape the idea of 3d printing in the building industry, practical
help and motivation. Most of all my parents, Joke and Sjaak, thank you very much for the financial help to study all
these years. Mathijs, thank you for the help to shape this document into a readable thesis. Melvin thanks for the
valuable feedback and the other students at Heijmans, Tugce, Argyrios and Ralph, thanks for the coffee and small talk.
This thesis is written with a future vision of a sustainable and customizable building industry. The paraphrased quote
from Henry Ford was written down 100 years ago. His T-Ford, produced on an assembly line, made an affordable car
possible for everybody. Now, hundred years later, 3d printing could be the production technology for the next hundred
years. Customization that 3d printing offers let you pick any colour, shape or material as long as we can print it. Let
this project be a small step to get to a customizable building industry.
Christiaan Voorend
January, 2016
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II.

SUMMARY

The objective of this project is to make a technical program of requirements, design guideline, develop a façade concept
and make a financial plan for the production of façade panels for the Heijmans ONE with a Fused Deposition
Modelling (FDM) 3d printer.
In the first part of the report the 3d printing technique is analysed to define the main elements from production
technology perspective. 3d printing offers the possibility to make high customizable, low volume and shape complex
products. The main elements influencing the production of façade cladding with FDM printing are the machine, the
material, the extrusion head and the design. In several projects around the world large scale printing is already being
tested. The two main projects focussed on research are the 3d Print Canal House and the research from the Oak Ridge
National Laboratory with the Big Area Additive Manufacturing (BAAM) printer. Besides 3d printing the product,
façade cladding, is described in this part. A façade element should be certified to meet the requirements from the Dutch
Building Code. From the BRL 4101 and the ETAG 034 the certification methods are defined for façade cladding.
Main regulations are in the field of general strength and fire regulations. To finalize this part the Heijmans ONE and
the market for unique double curved façade cladding is described.
In the second part of the report the properties of 3d printing and the façade cladding are summarized in the technical
program of requirements. The main influence from the printing technology to meet the building code requirements is
the material. The mechanical properties of the printing material define the strength of the panel and the connection to
the building. The temperature properties of the material define the resistance of the façade cladding against fire,
temperature variation, sun and UV radiation. Fused Deposition Modelling is a technique of laying down lines of plastic
on top of each other. This process of different layers influence the design. The machine with the extrusion head defines
the building volume in which an element can be printed. This element can be printed in the xz-plane or the xy-plane.
Printing in the xz-plane gives more possibilities to print different shapes. The element printed can be placed on the
façade with the printing lines horizontal (0°) or vertical (90°). By using it in vertical direction the weak interlayer
bonding has less influence on the strength of the element. The tensile strength of the printed elements are 60% weaker
in the perpendicular direction than the parallel direction of the printed line. The extrusion nozzle has influence on the
final quality of the print. With a larger nozzle thicker lines will be extruded and the stair stepping effect will be bigger.
This part is concluded with a design guide line which describes the problems and solutions for all these factors.
The application of printing your own 3d printed façade cladding is not available yet. Neither the possibility to design
you own printed cladding. With the knowledge that 3d printing became a large used production technique because of
the community based element, a façade design contest is organised. The aim of the contest was to gain information
from people all over the world what they would design, if they would 3d print their future façade. Half of the entries
were designs which could not easily be produced with another production technique. These entries had almost all a
function (flexibility, vegetation, sun radiation, tubing, cooling, water or wind) integrated. With the integration of
functions 3d printing technology becomes interesting to use as production technology. The other half of the tiles had
no function integrated but where purely aesthetical designs with nice patterns.
The case study for this project is the Heijmans ONE. From the technical requirements and the design guideline a
concept façade for the Heijmans ONE is designed. A fully printed façade for the Heijmans ONE will cost 120 euros
per square meter. This is four times the price than the regular cladding, wooden panels, of the ONE. This is calculated
at a production speed of the façade for one ONE per day.
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III.

SAMENVATTING

De doelstelling van deze thesis is het maken van een technisch programma van eisen, een design guideline, het
ontwikkelen van een gevelconcept en het maken van een financieel plan voor de productie van gevelpanelen voor de
Heijmans ONE met een Fused Deposition Modelling (FDM) 3d printer.
In het eerste deel van het rapport is de 3d print techniek geanalyseerd om de belangrijkste elementen van 3d printen
te definiëren. Met 3d printen kunnen producten op maat gemaakt worden, in kleine volumes geproduceerd worden
en een complexe vorm hebben. De elementen waaruit Fused Deposition Modelling bestaat en die de productie van
gevel bekleding beïnvloeden zijn de machine, het materiaal, de extruder kop en het ontwerp. In verschillende projecten
over de wereld wordt al geëxperimenteerd met 3d printen op grote schaal. De twee belangrijkste onderzoeksprojecten
zijn het 3D Print Canal House uit Amsterdam en het onderzoek van de Oak Ridge National Laboratory uit de VS met
de Big Area Additive Manufacturing (BAAM) printer. Naast de 3d print techniek is ook het product, gevelbekleding
beschreven. Een gevel element moet gecertificeerd worden om te voldoen aan de regelgeving die wordt gesteld in het
Bouwbesluit. De BRL 4101 en de ETAG 034 zijn certificeringsdocumenten waarin wordt beschreven hoe te voldoen
aan de regelgeving voor gevelbekleding. De belangrijkste regelgeving is op het gebied van sterkte en brand. Dit deel is
besloten met een beschrijving van de Heijmans ONE en de mogelijkheid van printen van unieke dubbel gekromde
gevels.
In het tweede deel van het rapport worden de eigenschappen van 3d printen en gevelbekleding samengevat in het
technisch programma van eisen beschreven. De belangrijkste invloed vanuit de printtechnologie om te voldoen aan de
regelgeving is het materiaal. De mechanische eigenschappen van het printmateriaal definiëren de sterke van het paneel
en de bevestiging aan het gebouw. De temperatuur eigenschappen van het materiaal definiëren de weerstand van het
gevelpaneel tegen brand, temperatuur variatie, zon en UV straling. Fused Deposition Modelling is een techniek van
het neerleggen van lijnen van materiaal op elkaar. Dit proces beïnvloed het uiteindelijke ontwerp. De machine met
extruder kop bepaald het maximale volume waarin een element geprint kan worden. Het element kan geprint worden
in de xz-richting of xy-richting. Printen in de xz-richting geeft meer ontwerpmogelijkheden om verschillende vormen
te printen. Het element kan vervolgens met de print lijnen horizontaal (0°) of verticaal (90°) aan het gebouw bevestigd
worden. Wanneer het gebruikt wordt in de verticale richting dan heeft de zwakke hechting tussen de lage minder
invloed op de sterkte van het element. Dit komt doordat de treksterkte van geprinte elementen 60% zwakker in de
richting loodrecht op de printlijnen zijn dan parallel aan de printlijnen. De extruderkop heeft invloed op de
uiteindelijke kwaliteit van de print. Een grotere kop resulteert en dikkere lijnen en hierdoor wordt het stair stepping
effect groter. Dit deel wordt afgesloten met een ontwerp richtlijn waarin alle problemen en oplossingen van deze
factoren beschreven staan.
Het 3d printen van een eigen gevel is nog niet mogelijk, ook niet het ontwerpen van eigen gevelbekleding. Met de
kennis dat 3d printen groot is geworden door de gemeenschap van 3d print enthousiastelingen is er een wedstrijd
georganiseerd. Het doel van deze wedstrijd was het vergaren van informatie over hoe mensen van over de hele wereld
hun gevel bekleding zouden ontwerpen als ze hem zelf zouden kunnen printen. De helft van de ingezonden ontwerpen
waren tegels die niet eenvoudig met andere technieken geproduceerd kunnen worden. Deze inzendingen hadden
meestal ook een functie geïntegreerd (flexibiliteit, vegetatie, zonnestraling, buizen, koelen, water of wind). Door deze
integratie van functies wordt het produceren met 3d printen volledig benut. De andere helft van de tegels had geen
functie geïntegreerd maar waren voornamelijk esthetisch met bijzondere patronen.
De case study voor dit project is de Heijmans ONE. Vanuit het technische programma van eisen en de ontwerprichtlijn
is een concept gevel voor de Heijmans ONE ontworpen. Een volledig 3d geprinte gevel voor de Heijmans ONE zal
120 euro per vierkante meter gaan kosten. Dit is vier keer zo veel als de bestaande afwerking, houten panelen. Dit is
berekend voor de productie van de gevel voor een ONE per dag.
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Additive Manufacturing
Fused Deposition Modelling. The name for the technique to create an object layer by layer with extrusion of
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Fused Filament Fabrication. The name for FDM printing used in the RepRap community to use the name
of the technique legally.
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INTRODUCTION
This report has been realised for Heijmans Technology, a construction company which is involved in the development
to 3d print a building in Amsterdam. During this development Heijmans gained insight in the advantages of 3d
printing for the construction industry. To further explore the possibility of this new production technology Heijmans
asked a student Building Technology from the Eindhoven University of Technology (the author of this document) to
conduct a research project on the feasibility of printing façade panels. He is responsible for the technical program of
requirements, the design guideline and concept to produce façade panels with 3d printing, as presented in this thesis
report.
This introduction chapter will present the background of Heijmans Technology as well as the objectives, scope and
approach of this project. Finally a visual overview of the structure of the report is presented.

HEIJMANS TECHNOLOGY
Heijmans is a listed construction company from the Netherlands which employs more than 7.000 employees.
Heijmans combines activities related to property development, residential building, non-residential building, roads
and civil engineering in the working areas living, working and connecting. As construction company Heijmans makes
a difference for the living environment with ideas and solutions to create added value for clients. Heijmans set goals
for 2020 called the Contours of Tomorrow. These goals are focussed on energy, materials, use of space, human capital,
technology and customer satisfaction and are leading in the approach of their projects. In the Netherlands Heijmans
is known as innovative company. Their involvement in several projects like the Glowing Lines of Daan Roosegaarde,
the Heijmans ONE, Self-Healing Asphalt, the Solar Noise barrier and the participation in the 3D Print Canal House
and the MX3D printed bridge show the will to innovate.
Heijmans Technology is part of Heijmans NV and has a coordinating role with regard to the research and development
activities that take place in the divisions. Heijmans Technology investigate which innovative products have market
potential and the role of Heijmans within these products as construction company. A roadmap inside Heijmans
Technology is the development of 3d printing. Heijmans is involved in the realisation of the 3d printed Canal House
since 2014. This ‘canal house 2.0’ is designed by DUS Architects, a company from Amsterdam. DUS built a large scale
Fused Deposition Modelling (FDM) 3d printer called ‘The Kamermaker’ to print objects with the size of 2x2x3,5m.
It is a printer which extrudes a bio-based thermoplastic material layer by layer, on top of each other to create the desired
shape. The final goal of DUS Architects is to 3d print a full scale canal house. Heijmans is involved as construction
partner in the project to share their knowledge to realize the building site / expo and the 3D Printed Canal House.

BACKGROUND AND OBJECTIVES
This project is about 3d printing, officially known as additive manufacturing. 3d printing is ‘a group of manufacturing
techniques defined as the process of joining materials layer upon layer to make objects from 3D-model data’ (van Wijk
& van Wijk, 2015). From the digital design it is relatively easy to produce a prototype or product with a 3d printer. The
3d printers can print with different techniques, materials and precision. The advantages of 3d printing are economic
product customisation, freedom of design, complex manufacturing, decentralized manufacturing and sustainability
(Janssen, Blankers, Moolenburgh, & Posthumus, 2014).
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Heijmans core activities take place in a conservative building industry. There are large difference in the field of
innovation compared with for example the automotive industry. The crisis has resulted in new ways of thinking about
the building industry. Heijmans would like to present itself as innovative company which works on the spatial contours
of tomorrow. New ways of thinking about the use of technology, materials and sustainability is necessary.
Heijmans sees a lot of potential in the Heijmans ONE. The Heijmans ONE is a prefabricated home for young
professionals. It is an attractive house because it has a simple and strong design and will be built with mass production
in contrast to traditional construction of houses. The two-story home is developed by Heijmans and currently two
prototypes are tested in Amsterdam. Every ONE that will be produced will have the same look and feel. 3d printing
offers the advantage of product customisation and freedom of design. Heijmans sees potential in giving the Heijmans
ONE a unique façade with the use of 3d printing, tenants can pick a design or design one themselves and let it 3d
printed. In the collaboration with DUS Architects Heijmans has no particular knowledge about the requirements of
the Fused Deposition Modelling (FDM) 3d printing technology which DUS Architects uses, to develop these facades.
The objective of this project says:
"Make a technical program of requirements, design guideline, develop a façade concept and make a
financial plan for the production of façade panels for the Heijmans ONE with a Fused Deposition
Modelling (FDM) 3d printer.”

RESEARCH QUESTION
This leads to the following research question:
How can 3d printing with fused deposition modelling (FDM) technique be feasible for the
production of façade cladding panels for the Heijmans ONE?
This subsidiary questions will help to answer the research question:
1. What is the added value of 3d printing for façade panels of temporary housing?
2. What technical parameters of the 3d printer influence the design of the product?
3. Which material properties influence the design of the product?
4. What are the regulations that are involved with the design of the product?
5. What is the user input for designing a façade panel?
6. Is printing of façade panels economical feasible?

SCOPE
The scope of the development of the façade is limited to façade cladding. As described in the ETAG 034 (EOTA, 2012)
this is defined as vertical exterior wall claddings consisting of an external cladding, mechanically fastened to a
framework, which is fixed to the external wall of new or existing buildings. In this project is general looked into façade
cladding but the final case study is cladding for the Heijmans ONE.
3d printing is the general name for lot of different additive manufacturing technologies, these are all described in
appendix 1. For this project the 3d printing technique Fused Deposition Modelling is researched. This is the technique
in which Heijmans is involved with DUS Architects in the production of the Canal House.

STRUCTURE OF THE REPORT
The report has been divided in three parts containing one or multiple chapters.
In the first part of the report the exploration of the topic is presented. This part begins with background information
about the production technology Fused Deposition Modelling in chapter two. In chapter three the façade cladding
with performance and regulations is discussed. After going in depth with the Heijmans ONE another possible market
for 3d printing of facades is presented. In the exploration phase the first four subsidiary questions will be answered.
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In the second part of the report the conclusions of the exploration are used for a technical program of requirements, a
design guideline and a checklist for designing a printable façade in chapter four. In order to retrieve information how
a printable façade could look like, a façade design contest was organised. In the façade design contest ideas are given
by people from all over the world for future 3d printed facade designs in chapter five. From the program of
requirements and the design ideas a 3d printed façade is developed for the Heijmans ONE building.
In the last part of the report the conclusions and recommendations for implementation are given in chapter seven. The
list of references is given in chapter eight.
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PART ONE: EXPLORATION
Part one of the report is the exploration. The exploration part
consist of two chapters describing the 3d printing technology
and the façade cladding.
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Image Part one: 3DPrintFacade Contest
Design: DUS Architects
Picture: Christiaan Voorend
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3D PRINTING TECHNOLOGY
This chapter will give an overview of Fused Deposition Modelling (FDM), first 3d printing will be introduced. Then
the projects around the world with large scale FDM 3d printing with extrusion of plastics is shown. The elements to
create an object with this production technique, the robot, the printing nozzle, the material and the design, will be
discussed.

3D PRINTING
Manufacturing techniques are changing when new technologies will be developed. The invention of the steam powered
engine lead to the first Industrial Revolution. Products where created by skilled crafts people and it took a long time
to manufacture these products. With the implementation of electrical power and assembly lines at the beginning of
the 20th century, the second Industrial Revolution brought us mass production. Manufacturing moved to countries
with cheap labour to produce a high volume of standardized products. Products became available for everybody for a
low price. This period was followed by the digital revolution, the use of electronics, IT, and robots to further automated
production. This resulted in the production of parts moved back to the place where the products where needed because
of less labour and higher automation (CNC Router Store, 2015). Nowadays we are shifting towards the fourth industrial
revolution where the physical environment will be integrated with the information network.
Manufacturing techniques have been developed and automated to create high quality and cheap products. The
manufacturing cost and time are mainly based on the geometric complexity and production quantity. This also applies
to the three main manufacturing techniques subtractive fabrication, net-shape fabrication and additive fabrication.
Subtractive fabrication is CNC (Computer Numerical Control) Milling. Removing material from a block of raw
material. Net-shaped fabrication is based on reshaping raw material (plaster, powder, melt), for example injection
molding. Additive fabrication is based on adding material to create complex objects (Wolfs, 2015).

Figure 2.1.1 - Principle of 3d print cycle (Berenschot, 2013)

A disruptive production technique that will change the way of production in the fourth industrial revolution will be
additive manufacturing (AM) or 3d printing. 3d printing is a technique where layer by layer material is added. A design
created with 3d CAD software is sliced into hundreds of layers (depending on the resolution). This result is transferred
to a 3d printer which produces the product. There are different kinds of 3d printing techniques to achieve the final
product. In appendix 1 these different techniques are discussed. In figure 2.1.1 the principle of 3d printing is shown.
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Advantages
3d printing offers according to Berenschot (2013) and van Wijk & van Wijk (2015) five main features:
• Cheaper manufacturing (small series); the largest advantage of layered application of material is that the integral
costs will become lower when there is no need for tooling. This is in particular for small series or complex
products.
• Mass customisation; 3d printing will give customers the possibility to design for their own needs. The
manufacturing process has no start-up costs for a mould or limitations in complexity.
• Local production (business models); with locally centralized 3d manufacturers transport costs and buffer
inventories are no longer needed. The step from 3d model to product is small with the use of 3d printing. So
your product could easily be produced in your local area instead of on the other side of the world.
• Design complexity and functionality; with the promise to produce every product you can imagine, 3d printing
will be revolutionary in product design. The layered application of material gives the freedom to create design
with a lot of freedom. Holes, porosity, electrically conductive material and internal structures are some examples
of possibilities for new design.
• Sustainability (material); the process of 3d printing is the process of addition of material and not subtraction of
material. There will be less waste than conventional milling. The optimisation of designs for strength will result
in lighter products with less material. With a changing supply chain of local production, less transportation of
final products is needed.

Challenges
3d printing has beside these features according to Berenschot (2013) and van Wijk & van Wijk (2015) some challenges
to overcome:
• 3d printing vs mass manufacturing; the concurrent embodiments for 3d printing is in the field of customized
features, low-volume production and/or geometric complexity. In markets of aerospace, high-end automotive
and bio-medical 3d print technique is valuable. When products get standardized 3d printing is more expensive
because of a lower cycle time compared with injection molding techniques.
• Scale and layer resolution; there is a link between the build time, the layer resolution and the scale of an object.
The total time of an object depends on the layer resolution. With a thicker layer the total build time will be less
but the surface finish will be more rough.
• Materials and structural reliability; more materials should be available for the 3d print industry. Also the
availability of multi material 3d printers is not high. Products produced by 3d printers suffer from anisotropic
mechanical properties due to interlayer bonding deficiencies.
• Standardization; the variety in machines, materials and processes makes de development of an uniform standard
for 3d printing a challenge. Final products are not stable enough yet in the production process. It should be
produced with a high degree of predictability and reproducibility.

Manufacturing with 3d printing
The three main fields where 3d printing has an added value are customization, complexity and low volume.
Customization is about uniqueness and based on the customers desires. Complexity is about the number of features a
part contains, for example holes and moving parts. With 3d printing a part can be printed in one production cycle
instead of assembling multiple parts. The volume is about the number of parts produced in a given timeframe. Conner
(Conner, et al., 2014) described these three fields and the use of 3d printing from manufacturability standpoint. As
shown in figure 2.1.2 the three attributes represent a circle. In the circle are the eight markets described for
manufacturing products.
The main manufacturing process is mass manufacturing. With significant investments to create an assembly line and
investments in tooling cost, only a high volume of products can make this process feasible. The downside of mass
manufacturing is that it offers less complexity and customization. With a high volume and standardization, products
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in this region should not be fabricated using 3d printing. For products with limited complexity and customization and
low production volumes, manufacturing for the few, the tooling and fixturing costs are substantial. Eliminating the
need for tooling and fixturing with 3d printing, these products are more cost effective and take far less time to start
production. Products in the region of complexity advantage have increased complexity in order to enhance the
functionality of a product or provide aesthetic appeal. With 3d printing complexity is essentially free. This is for low
volume products, with low complexity but high customization the same. These products are customized for the
individual.
In the overlap between the circles 3d printing becomes more interesting. Mass complexity; products are not customized
but are complex and the volumes are greater than only for the complexity advantage. Mass customization;
customization with the human a starting point. Recent developments on producing mass custom cell phones illustrate
growing popularity of mass customization. Artisan products; artistic freedom to produce complex, customized artwork.
Complete manufacturing freedom, highly complex and highly customized products without limitations to production
volume.

Figure 2.1.2 - Advantages of 3d printing from manufacturing point of view

FDM PRINTING
For this project the focus is on the printing technology Fused Deposition Modelling. The development of FDM
printing starts in the late 1980’s. Scott Crump, co-founder and chairman of Stratasys Ltd, invents the additive
manufacturing method Fused Deposition Modelling. The original patent (filed in 1989 and issued in 1992) describes
the technology behind the layer-by-layer extrusion of plastic material into an object. Stratasys produced the first FDM
printer in 1991. In the year 2009 the patent expired and opened the possibility for other companies to commercially
sell their version FDM machine. The main contributor for the development of these printers is the RepRap
community. They started to develop their blueprints of a FDM based desktop printer in an open source community.
After the expiring of the patents lots of start-ups used these blueprints to develop their own printer. In just a few years
hundreds of printers based on the original FDM patent are commercially available. These wide available printers also
dropped the prices of FDM printers from $14.000 before the expiring of the patent, to $300 a few years after (Mims,
2013). While the patent is expired in 2009 the name ‘FDM’ and ‘Fused Deposition Modeling’ is still trademarked in
the United States by Stratasys and so members of the RepRap community use Fused Filament Fabrication (FFF) to
provide a phrase that is legally unconstrained in its use.
The patent from 1989 defines Fused Deposition Modelling as follows:
“Apparatus incorporating a movable dispensing head provided with a supply of material which solidifies at a predetermined
temperature, and a base member, which are moved relative to each other along "X," "Y," and "Z" axes in a predetermined
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pattern to create three-dimensional objects by building up material discharged from the dispensing head onto the base
member at a controlled rate.” (US Patentnr. US5121329 A, 1992)
The description of the technology can be divided in four elements: the machine, the material, the dispensing head
(extrusion head) and the predetermined pattern (design). All to create a three-dimensional object.

STATE-OF-THE-ART
All over the world are initiatives to create buildings or building parts with 3d printing techniques. In figure 2.3.1 is a
graphical overview presented of the 3d printing initiatives in the building industry. The figure is at this scale unreadable,
in appendix 2 a better readable version has been printed. It shows how exponential the growth of 3d printing is and in
which parts of the world the 3d printing developments in the building industry take place. The first project on the left
is 1996 and the last project on the right is 2015. Almost a year after publication of this image by ELstudio (2015) the
amount of initiatives will be even larger.

Fig. 2.3.1. Overview 3d printing in architecture (ELstudio, 2015)

The largest amount of initiatives in de building industry are printing with concrete. Concrete is the most used building
material in the world and because it is liquid and then hardens it can be used for extrusion 3d printing. Another
technique is printing with powder, companies applying this technique use the binder jetting method (see appendix 1)
to create shapes. This with large scale machines and a great amount of powder. D-shape is a company that 3d prints
large scale object with the material binding technique. Digital Grotesque did the same but on a smaller scale and
assembled unique 3d printed building blocks (3,2m high) to combine together. Some companies have a different
approach to create large scale architectural object. With the availability of high quality small scale 3d printers some
companies use small pieces design, with unique small blocks they build a large scale object. Studio Michiel van der
Kley did this with project Egg, 4760 stones of plastic forming an egg shape as result. Emerging Objects has created
several objects from small pieces like the quack column and Bloom. Also building components are produced with 3d
printing. Arup is an engineering company who did tests to optimize the connections between building components
using 3d printing.
In the industry of printing with FDM printers with plastic are developments and manufacturers. In this chapter an
overview is given of the current projects in the world. The project in which Heijmans is involved is the 3d Print Canal
House. The second printer discussed already created several final products. To finalize with a robotic arm printer which
create furniture objects. In appendix 3 two other robotic arm printers and two projects which try to minimize the use
of material and use the printed object as formwork for other materials are shown.
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The Kamermaker from DUS Architects (Netherlands)
Machine
In 2013 DUS Architects from the Netherlands scaled up a desktop printer, an Ultimaker, to develop the Kamermaker:
a large FDM printer. This printer has the size of a container and a building volume of 2 x 2 x 3.5 meter (LxWxH). In
the printer the printing head is connected to a frame which can move in the x- and y-direction. This frame can move
up and down in the z-direction. On the top of the Kamermaker the pellets are inserted into the extruder. The extruder
is connected with a heated tube to the print head. The molten plastic moves from the extruder to the print head and
is laid down layer by layer. The Kamermaker can print at maximum speeds of 240mm/s. (3D Print Canalhouse, 2015).

Figure 2.3.1 - The Kamermaker

Project
The development of the 3d printer was the result of a goal to 3d print a typical Dutch Canal House, the 3d Printed
Canal House. The aim of the project is to demonstrate how 3d printing could revolutionise architecture and the
construction industry. The 3d Printed Canal House is a dwelling that consists of different building blocks. Because of
the size and properties of the printer it is not possible to print a house in one piece so DUS Architects designed a house
and divided this into different rooms and parts. The objects DUS prints are elements of the full width of a wall
including the outer façade, in figure 2.3.2 one of these elements in visible.

Figure 2.3.2 - The 3d Print Canal House

Material
For DUS Architects an important property of the material is that it is bio-based. A collaboration with Henkel, a
material supplier from Germany, resulted in their print material Macromelt 6900E. From origin an engineering
hotmelt adhesive that is 80% bio-based. During the development of the project 10% glass fibres where added to the
material. The printing material is not pure Macromelt 6900E anymore but it is a compound of polymers, fillers and
glass fibres.
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Big Area Additive Manufacturing (BAAM) from Oak Rich National Laboratory (U.S.)
Machine
A partnership of Cincinnati Incorporated, a machine tool maker, and the Department of Energy’s Oak Ridge National
Laboratory (ORNL) started to develop a new large-scale additive manufacturing system in March 2014. The ORNL
turned a 110 year old chassis and drives of Cincinnati’s gantry-style laser cutting system (Cincinnati Incorporated, 2014)
into a 3d printing machine by adding an air system that sent 3d printable pellets to an extruder head. The machine,
Big Area Additive Manufacturing (BAAM), has a work envelop of 2 x 4 x 0,9m (x-y-z) and an extrusion rate of 18
kg/h. The machine can speed up to 5080 mm/sec with and position accuracy of ±0.025 mm per axis. The machine
can handle a variety of thermoplastics and fiber reinforced plastics. These pellets are vacuum fed from a 2x2x2 m
hopper through a dryer in a single screw extruder. Melted and forced through a standard 8mm diameter nozzle
(Gardiner, 2015). A tamping device is used to achieve a good bond with the layer below.
In the development of large scale 3d printing they developed a larger version. The larger version BAAM machine,
nicknamed ‘Bertha’, has a working envelope of 6 x 2,4 x 1,8 m and an extrusion rate of 45-68 kg/h.

Figure 2.3.3 - The BAAM printer (Cincinnati Incorporated, 2014)

Cars
In collaboration with the company Local Motors ORNL used 3d printing to manufacture several cars. At the
International Manufacturing Technology Show (IMTS) 2014 in Chicago, Local Motors presented their first 3d
printed car: the LM3D Swim. It was manufactured on the BAAM and took 44 hours of additive manufacturing the
212 layers (layer thickness 4mm) plastic. With post processing of a full day subtractive milling on a Thermwood
CNC router (Lorincz, 2015). The chassis, exterior body and some interior features are printed in a composite of 15%
carbon fiber and 85% ABS (Molitch-Hou & Matich, 2014). The mechanical components of the car, the battery,
motors, wiring and suspension are from the electric powered Renault Twizy. The car is designed by Michele Anoé
from Italy, he made the winning design in a 3d printed car design challenge. Local motors aim is to 3D print the
Strati car in 24 hours.

Figure 2.3.4 - The ORNL cars: the Strati car, Shelby Cobra and the LM3D Swim (Oak Ridge National Laboratory, n.d.)

To celebrate the anniversary of the fifty year old 1965 Shelby Cobra 427 Local Motors produced a full size functioning
3d printed replica of the Shelby. The chassis and body parts are 3d printed on the BAAM using 20% carbon fiber
reinforced ABS materials supplied by Techmer (Reinke, 2015) and then sanded and painted to give it the smooth surface
finish (Tooling And Production, n.d.). To car consist out of 227 kg of 3d printed parts, printed in 8 hours with a 5mm
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diameter nozzle. Total cost 250 dollars for the printed material (Oak Ridge National Laboratory, n.d.). Tru-Design was
the key partner in this project for the coating of the car and performed the post-print machining and finishing.
The next version of the consumer 3d printed car from Local Motors is the LM3D. This car is presented at the SEMA
show in Las Vegas in November 2015. The planning is to open the pre-ordering in March 2016 and to have the first
cars road-ready in 2017 (Molitch-Hou, 2015). The LM3D Swim is produced at the BAAM machine with ABS with
20% carbon fiber, provided by SABIC. In total 75% of the weight of the car is printed with the goal the print eventually
90% of the car. (Local Motors, n.d.).

Building, AMIE
In September 2015 the department of Energy’s Oak Rich National Laboratory unveiled a 3d printed car and building,
the Additive Manufacturing Integrated Energy Project (AMIE 1.0) (Charron, 2015). The 20 square meter building
consist out of 80% printed elements of ABS with 20% carbon fiber ( The Architect’s Newspaper, 2015) on the Bertha
printer. Architecture firm Skidmore, Owings, and Merrill (SOM) completed designing the project, ORNL printed the
individual elements, Tru-design handled the coating and the preassembly and the final assembly was conducted by
Clayton Homes. The building is 11,5m long, 3,7m wide and 4 meter high. The building is a total new concept of
future housing. 3d printing offers the opportunity to make curved shapes and other uncommon structures. The house
is powered by solar panels and uses an integrated symbiotic energy system to share energy between a single-unit, 3D
printed solar powered house and a 3D printed electric car (Oak Ridge National Laboratory, n.d.).
The AIMIE building consist out of a 3d printed shell. It is a panel system that integrates the structure, insulation, air
and moisture barriers and cladding. (Budds, 2015) Engineers had to design the skin of the building for production with
the BAAM printer. This led to a design of half rings. The rings are printed on the side and then lifted standing up.
With the round edges of the ring structure the structure is really capable to stress. The rings have a radius of 1,5m and
a height of 3,5m. These rings are connected on the top and bolted to the chassis (Laylin, 2015).

Figure 2.3.5 - Elements of the AMIE building (Budds, 2015)
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Material
In corporation with SABIC’s Innovative Plastic business they tested ABS, PPS, PEKK, Cycolac and ULTEM resins.
Their findings are that carbon fiber and glass fiber reinforcing improve both the strength and thermal stability of the
parts (Cincinnati Incorporated, September 2014 Press Release, 2014). See chapter 2.6 for more information about the
material behaviour. Techmer, an injection compound specialist, tested with ORNL polymers loaded with nanofibers
and graphene.
In their search for the 3d printed car of the future Local Motors is also testing other materials. The main body is a
carbon fiber/ABS composite but ultimately the company wishes to print with multiple materials. Local Motors is
experimenting with NinjaFlex and SemiFlex produced by Fenner. These material could be used for crash structures
such as bumpers (Krassenstein B. , Local Motors 3D Prints Two Mule-Like Cars Featuring NinjaFlex Seats & Bumpers, 2015).
Also the seats could be more comfortable if they made use of a flexible printing material. For further research on the
materials to 3d print the car Local Motors teamed up with Arizona State University (Kress, 2015).

The 3d robot printer from 3D-Robotprinting (Netherlands)
Machine
The company 3D-Robotprinting (Kunststof Magazine, 2014) developed a large scale FDM printer on a robot arm, a
Staubli TX200 (Krassenstein B. , 2015). The technique is the same as the Kamermaker where the granulate is melted at
220 degrees Celsius (Coenen, 2015) with an extruder and with a heated tube pressed to the print nozzle of 3mm. The
heated head heats it up to the desired temperature and print it layer by layer in the correct shape. The maximum size
of the machine can print objects from 1,8 x 1,0 x 1,8m, for extra length the machine could be placed on a track.

Figure 2.3.6 - 3D-Robotprinting (Kunststof Magazine, 2014)

Material
The material used is a composite of 70% polypropylene with 30% glass fiber. This has to be printed between one and
thirty seconds on top of the earlier layer because of the fast cooling time of the material. The nozzle prints the layers
with a thickness of 0,9 – 1,2 mm and the machine has automatic tamping. This tamping makes the layers stronger,
thinner and smoother.

Other large scale initiatives
In appendix 3 five other large scale printers are described. These are all robotic arm systems. The first three project, the
Furoc Printer, the Galatéa and the printer from Ryan Pennings all print furniture objects. It is relatively easy to buy or
lease a robotic arm printer, build a printer extrusion system and print your own plastic objects. The material they use
are reused polystyrene (PP) from refrigerators, ABS and PLA. This all meets the requirements to be used for furniture
but the applicability in the building industry is not sure.
The other described projects are from Branch Technology from the U.S. and Gramazio Kohler Research institute from
Zurich. They both do research in the field of printing open structures. Extruding plastic in triangles with open spaces.
The printing of these structures results in very fast printing of geometrical objects. These object can be filled with other
building materials afterwards.
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Overview large scale projects
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Table 2.3.1 - State-of-the-art large scale printers
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THE MACHINE
As described in the FDM chapter four elements (the machine, extrusion head, material and design) are important for
3d printing. In this chapter the machine is described.
The development of large scale printers started with the desktop size printers. The most used system is the cartesian
printer. This relatively simple printer style is one of the most popular desktop printer technology (3D Hubs, 2015). The
reason for the large amount of available cartesian style desktop printers is that the first development in the RepRap
community was with this style printer. Materials are widely available and the coordinate system to move the print head
is simple. The second type of printer is the delta printer. To use 3d printing in the building industry larger objects will
be printed. DUS Architect scaled a desktop Ultimaker 3d printer up to container size and started to print. Other
initiatives for large scale printing use a 6-axis robot. These different type of robots will be described in this subsection.
When choosing a machine to start to print with, firstly the application requirements should be defined. First the weight
of the end of arm tooling, in case of 3d printing this is the printing nozzle. Then the working area of the printer, what
will be the maximum desired size of the printed object. The cycle time of a movement defines the time the printer
needs to do its job. Probably this will be limited in what the extruder can extrude per minute. Final the repeatability
of movements, if it is the same movement over and over or different paths and the planes of operation have to be
decided. Will the planes be straight movement or moving inside an object, which is not possible for cartesian style
printer
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Figure 2.4.1 - Robotic systems (robot-welding.com)

In figure 2.4.1 the different working envelopes of the systems are shown. As described before the three main systems
are the cartesian system, the delta robot and the 6-axis robot. Cartesian printers (or rectangular gantry) are named after
the cartesian coordinate system. Cartesian printers have a printer head that moves in the X- and Y-direction. The
(heated) print bed moves in the Z-direction. Cartesian printers use three different motors to move the print head. The
calculations of a cartesian printer are relatively simple because the use of the cartesian grid, an action is a movement in
X-Y-Z direction. Most desktop printers have a printbed what moves up and down in the z-direction, it is also possible
to move the print head up and down. The trigonometric calculations of the delta printer make this printer more
complicated than a cartesian style printer. The delta and the 6-axis robot have a more complex system. As the name
stated a 6-axis robot can rotate over six-axis, this means that it has six degrees of freedom where five arms can
individually rotate over six axis. For this machine a X, Y or Z axis not exists, the path is a continues movement of all
six axis. The heavier the moving part, the harder it is to make it stop or change direction in an instant.
For the working area the box of the cartesian robot is the most efficient but the articulated robot can make the most
complex shapes. It is very flexible and good at reaching in and around an object. When this type of robot is used in
combination with an extrusion head the extruding is not only in direction downward but could also be in an angle. To
enlarge the working area for the 6-axis robot, it could be placed on a track. The main advantage of the delta robot is
that it is very fast. Normally these robots are used for high speed pick and place applications with relatively light loads.
The height of the overall printer is because of the arm construction a lot taller than the build volume, approximately 2
times the height of the print object.
Table 2.4.1 - Overview different machines
Cartesian

Strength
cubic volume, modular
system

Weakness
cannot move in object
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6-axis
Delta

complex shapes, can
move in object
high speed

limited to robot volume
cannot move in object, large
volume for big object

Machine costs
The different machines also have different prices, these are shown in table 2.4.2. As can be seen for the robot which
MX3D uses it is relatively cheap to buy a second hand 6-axis robot. Only with the robot you cannot print yet, an
extrusion head and software program is necessary to let the printer do what you would like. Studio Rap, a company
from the Netherlands, sells software licences for €200 euro per month to actually use these robots. For the other
machines the price for a machine, extrusion head and software is around 100.000 euros. The two BAAM machines are
a factor ten more. This is mainly because they are built on a very accurate gantry style laser cutting system. The machine
also has a heated room and building plate for better quality prints.
Table 2.4.2 - Machine costs
Printer
TU/e
BAAM size 1
BAAM size 2
Kamermaker 1
3D-Robotprinting
MX3D (second hand)
IRB 2400, 2600, 6700

Type
Cartesian
Cartesian
Cartesian
Cartesian
6-axis
6-axis

Size
11 x 6 x 4
4,0 x 2,0 x 0,9
6,0 x 2,4 x 1,8
2 x 2 x 3.5
r=2,15
r=1,5 – 2m

Cost
± €100.000
± $1.000.000
± $1.500.000
± €100.000
± €150.000
± €10.000 - €30.000
± €100.000 (commercially sold)

THE EXTRUSION HEAD
With the used machine the boundaries are set for the maximum sizes of the printable object. Than the ‘end of arm
tooling’ has to be chosen. The main purpose of the tool for 3d printing is melting plastic material and extrude it. This
will be described for printing with filament and printing with granulate.

Printing with filament
All desktop size printers use filament to extrude plastic. Filament is a wire of plastic material on a spool. This wire is
most of the times 1,75 or 2,85mm and available in a large variation of materials and colours. The wire is pushed with
the drive gear to the silver column, see figure 2.5.1. The heat sink function, with fan, is to keep the top part of the
silver column cool. When the material is pushed into the silver column it gets heated by the heater element. The plastic
melts and gets into the nozzle. Because of the pressure of the rigid plastic the molten plastic will be pushed out of the
nozzle. Printing with filaments is mainly because printers are built to use filament. To reach high speeds for printing a
light printing head is preferred. With only an electricity cable and filament wire the print head will remain light weight.

Fig. 2.5.1. Principle extrusion head (bootsindustries.com)
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While designing the material extruder lessons can be learned from the consumer desktop printer. At ColorFabb a
Dutch based firm they make filament from granulate. This happens in several steps. The first step is drying the material,
in six hours the basic colourless PLA/PHA mix pellets is completely dry. The dry pellets go into a closed tube to the
extruder. In here the pellets are mixed with 2% colour pellets. From here the material gets extruded and will be spinned
on a roll. A large difference with this process and the process at the Canal House is the drying of the pellets. For
Colorfabb this is an important step to have a more stable product.

Printing with pellets
Another option to extrude plastic is a pellet extruder on top of the printing head. Using filament will be more expensive
in the end because filament is made from pellets. Using the pellets directly will be cheaper because the extra step won’t
be made. Also pellets are widely used in the injection molding machines, so already widely available.
For desktop printers pellet extrudes are quite complex to make for this small size but for large scale it is a better solution.
The principle of melting plastic is the same as for injection moulding. The plastic granules are fed in the hopper. From
the hopper it goes to the heated barrel equipped with screw. The screw rotates and forces the pellets to get liquid and
can be extruded from the printing nozzle. To keep the moving printing nozzle light weight this extrusion part can be
at a static place. A heated tube can transport the plastic to the nozzle. Without tube every polymer can be printed, with
tube it is limited to a heat of 250°C (xtrution, n.d.).

Printing nozzle
The height of the layers depends on the nozzle size. For consumer printers the rule is that the layer height can be
70% of the layer width, so of the nozzle size. For example at the Ultimaker with a 0.4 mm nozzle the maximum layer
height can be around 0.3mm. A larger nozzle can have a higher and wider printing line. For large scale printing the
layer height is in most cases half of the nozzle size. The layer height mainly influence the surface quality. The larger
layer height the poorer the curvature of the part is. This is called the ‘stair-stepping’ effect. In general FDM printers
have a large stair-stepping effect because of the large nozzle size. The layer height influences the aesthetics of the
object. With a thicker layer height the object has a lower level of detail then with thinner layers. Figure 1.5.1 shows
the nozzle size in proportion to the width and height of the extruded line. The three images have all six printed lines
and already visible is that the area of the 2,5mm nozzle is smaller than the 8mm nozzle.

Figure 2.5.1 - Lines of different nozzle sizes

Extrusion rate
The maximum extrusion rate from the BAAM printer is in optimal condition 45-68 kg/h but this is not the extrusion
rate with which they actually print. During their projects they experimented most with the 0,30 inch (7,6 mm) and
the 0,20 inch (5 mm) nozzle. The avareage extrusion values are provided by Rick Neff, Manager Market Development
at Cincinnati Incorporated, and are displayed in table 2.5.1. About the extrusion rate for the 0,30 inch (7,6 mm) nozzle
they are pretty confident in the process because they printed mostly with this nozzle. The 0,20 inch nozzle is used for
printing the Shelby and they started to test with a 0,10 inch (0.25 mm) nozzle. The information in table 2.5.1 states
that the extrusion rate for the 0,30 inch nozzle is the same as for the 0,20 inch but Rick Neff says that there is a little
degradation in flow rate from 0.30’’ to the 0.20’’ nozzle. The extrusion rates for the 5,5mm nozzle from the
Kamermaker from DUS Architects are also table 2.5.1. These prints have a printline of 6 to 6,5 mm wide and a
printline height of 3mm.
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Table 2.5.1 - Extrusion rates BAAM and 3DPCH
Nozzle size
(mm)

Extrusion rate
(kg/h)

BAAM

2,54
5,08
7,62

31,8
36,3
36,3

3D Print Canal House

5,5

7,2 - 14,4

Printing speed
(mm/s)

160 - 320

MATERIAL
The material is an essential element in the production of façade cladding with 3d printing. The material should be
processable with the printing system and have the mechanical properties to withstand the weather elements. This
chapter starts with an introduction into plastics. Then an overview of the most important properties for 3d printing
and the effect on the design are given.
Introduction to plastics
The first plastics used was celluloid and was discovered by Alexander Parkes in 1855. Celluloid is made of cellulose
acetate and camphor. This first plastic was a bio-based product which had the disadvantage of combusting easily. The
first synthetic plastic was phenol formaldehyde, known as Bakelite. This hard mouldable material was a good
economical alternative for celluloid. Because of its non-conductivity, excellent heat resistance properties and constant
quality in mass production Bakelite concurred the world. Nowadays plastics represent 6%, around 46 million ton per
year, of the bulk materials used in Europe. The building and construction industry is after packaging the largest
application for plastics, around twenty percent for the total European demand in 2012 (van Wijk & van Wijk, 2015).
The most used plastics in the building and construction industry are PVC, PS-E, PE-HD and PUR.
Plastics are a large number of molecules, monomers, linked together in a chemical reaction called polymerisation, to
form a polymer chain. There are two main polymer families: thermoplastics and thermosetting plastics. Thermoplastics
can be re-heated and will soften again, thermoset plastics have been solidified after first melting and cannot be remelted
(Plastics Europe, n.d.). Almost all of the polymers are fossil-based nowadays, based on an oil derivatives such as naphtha.
As 3d printing is the manufacturing technique of the 21st century, the material should be ready for the future as well.
Bio-based plastic are plastics where the raw materials originate from natural renewable sources. These polymers can be
converted into bio-based bulk chemicals from numerous types of crops such as corn and sugar cane (van Wijk & van
Wijk, 2015). Today bio-based plastics represents less than 1% of about 290 million tons of plastic produced globally
each year. A bio-based plastic is always produced from a renewable resource but it can be biodegradable or nonbiodegradable. Not always can a plastic be broken down by micro-organisms. If a plastic is biodegradable it can be
home compostable, as in a natural environment, or industrial compostable, in an industrial environment with higher
temperatures and humidity.
The most common materials for desktop FDM printers are ABS and PLA. PLA are thermoplastic polymers from lactic
acids and are produced from renewable materials, generally sugar (sugar beets, sugarcanes, corn). ABS is a non-biodegradable plastic made from oil. ABS is stronger and stiffer than PLA.

Mechanical properties
To use the material for 3d printing values should be know of the plastic to meet the criteria. The basic mechanical
properties are the tensile strength, shear strength and compressive strength. During the tensile strength test a dumbbell
specimen is being pulled, the force required to break the sample is the ultimate tensile strength. The percentage increase
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in length before it breaks under tension is the elongation. Plastics with high ultimate tensile strength and high
elongation have a high toughness.
Another important property is the relationship between the mechanical properties and the temperature. The printing
process demands quick softening and melting of material. This means that the strength of the material already degrades
at low temperature. The heat deflection temperature, also known as heat distortion temperature (HDT), is defined as
the temperature at which a standard test bar deflects a specified distance under a load. The glass transition temperature
(Tg) is the temperature where a material change from a brittle manner (below Tg) to a rubber-like behaviour above Tg.
Hard plastics have a Tg g above room temperature and rubbers have a Tg under room temperature where they are soft
and flexible (Polymer Science Learning Center, 2005). Glass transition only happens to amorphous polymers. Melting is a
transition which only occurs in crystalline polymers. The polymer chains fall out of their crystal structures. Polymers
can have crystalline and amorphous polymers and show a melting point and a glass transition temperature.
For a printable material the best properties would be a low glass transition, softening and melting temperature and a
low molecular weight but for structural application high temperatures and high molecular weight. The final polymer
will be a mixture of different additives for improving the characteristics. This for the polymer to be plasticized and
processed without oxidation or degradation. Additives can be added for bringing special features like colour and UV
resistance. In table 2.6.1 a comparison of the different used materials of the large scale projects is shown. The strengths
are compared with the typical injection molding reference, the parallel to the printing line and perpendicular to the
printing line strength.
Table 2.6.1 - Material comparison
3DPCH

BAAM

Macromelt
6900E

Techmer
ABS

Techmer
20CF-ABS

Techmer
20GF-ABS

Typ.

-

2551

12410

6205

Par.

160,2

2334

11927

5654

Per.

129,6

2206

2137

2482

Typ.

12

42

96.5

82,7

Par.

8,33

35,6

65,7

54,3

Per.

5,16

26,5

10,3

15,3

MECHANICAL PROPERTIES
Young's
Modulus

MPa

Tensile strength
(stress)

MPa

Elongation

%

600

THERMAL PROPERTIES
Softening point

C°

135-145

HDT

C°

<35

Tg

C°

5

PHYSICAL PROPERTIES
Density

g/cm3

0,98

Build orientation
Additive manufacturing is a techniques of stacking layers. With fused deposition modelling these layers are extruded
lines of plastic stacked upon each other. The result of this stacking is that material properties which manufactures
include with the material are not a realistic representation of the 3d printed components mechanical properties. The
tested materials are isotropic test samples and the layering of 3d printing results in anisotropic behaviour. With 3d
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printing there are three build directions for producing an object (see figure 2.6.1), these result in different strength
values for the different printing directions.

Figure 2.6.1 - Options for the building direction (Lambert, 2014)

In a research conducted by Matthias Fischer and Stefan Josupeit (Lambert, 2014) shows that the different directions of
printing makes a difference in the material properties. This was tested with ULTEM 9085 on a Stratasys Fortus ms, a
FDM printing system with heated room. The tensile strength of the z-direction is around 40% less than in the xdirection. For the strain at break values almost the same degradation in the different directions is visible. For the test
results see appendix 3. Figure 2.6.2 is a visualisation of the behaviour of the test specimen while tested. Between the
two stacked layers the material breaks with stacking in the z-direction. Pulling the elements in the x direction results
in fracture in many individual plastic fibres, this results in a stiffer material. To conclude the research the print
orientation is critical to tensile strength. The strength is much higher when printed in the x of y direction than the zdirection (see in figure 2.6.1).

Figure 2.6.2 - Pull direction specimen (Lambert, 2014)

The test specimen in the research of Matthias Fischer and Stefan Josupeit are printed on a machine with heated room
and limited building size. For printing at large scale size the printing conditions are different. Techmer Engineering
Solutions (TES) is a material supplier for the projects of the Oak Ridge National Laboratory (ORNL) and print their
material on the Big Area Additive Manufacturing (BAAM) machine. To produce an innovative material to print on
the BAAM printer TES did tests on commercially available thermoplastic materials (Techmer Engineered Solutions ,
2015). Unreinforced ABS was picked as baseline material in the tests. The other test materials where two reinforced
ABS materials (with 20% 1mm length glass fibres and carbon fibres). Besides the ABS materials they picked a
potentially much stiffer and stronger material, 40% glass fiber reinforced polyphenylene sufide (GF-PPS). The
materials where deposited at a feed rate of 4,5 kg/h, a deposition speed of 50 mm/s and at a temperature of 250 ºC.
Then three hexagons where printed with 3 lines and the test specimen where cut out of these objects. The test results
can be found in appendix 3.
The results of the tests show that the neat ABS material is most isotropic and achieving 85% of the tensile strength in
the x-direction and 63% in the z-direction of the injection molded reference. The carbon fiber ABS material is much
stronger in x-direction but loses almost 85% of that strength in the z-direction. The glass fiber ABS material loses 70%
of the strength z-direction but the maximum strength is less than carbon fiber. Compared with the reference values of
the injection molding the stiffness was between 91% - 96% of the injection molded reference in the x-direction. In the
z-direction the neat ABS (94%) was much stiffer than the CF-ABS (18%) and the GF-ABS (54%) materials. The
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conclusions from the research where that carbon fiber reinforced ABS could provide sufficient strength for printing at
the BAAM machine.
The results from these two studies are supported by the study from Arnoud van der Veen, a graduate student Civil
Engineering from the TU Delft. He conducted a research on the structural behaviour of the currently used printing
material of the 3d Print Canal House in Amsterdam (van der Veen, 2014). The printing material at that time was pure
Macromelt 6900E. For printing in the vertical plane (xz-plane) the material shows clear anisotropic behaviour. The
difference between the tensile, shear and flexural strength values and the failure modes parallel and perpendicular to
the printing direction is significantly. While printing in the horizontal plane (xy-plane) the material shows more
isotropic behaviour. The adhesive connections between the different layers is more and better. Also printing in both
horizontal and vertical plane results in a more isotropic behaviour, like plywood. He concluded that single layer printed
geometries fail bending and pressure tests due to local effects.
Since loading of a specimen perpendicular to the print direction causes 60% loss in mechanical strength compared to
the given material properties of the material it is recommended by (Lambert, 2014, Techmer Engineered Solutions ,
2015, and van der Veen, 2014) to load the specimen parallel to the print direction.

Temperature
In the study of Arnoud van der Veen as mentioned earlier, he looked into the temperature behaviour of the material.
With a glass transition temperature of five degrees the material is applied in the rubber phase, which leads to the low
stiffness and poor strength-temperature behaviour. With a softening temperature of 60°C this is the maximum
temperature at which the materials has mechanical strength left. At 40°C the material has lost 70% of the material
strength it had at room temperature. With a melting temperature of 85°C no melting of the material is expected under
regular weather conditions but in case of a fire the material will melt and vaporize quickly. With a softening point of
60°C the printing material should never be directly exposed to the sun.

Printing lines
A recommendation from Arnoud van de Veen is that objects should be printed with multiple printing lines in the xy
-plane. DUS Architects only prints with single lines. Geometry member consisting out of multiple printed layers are
stronger, more isotropic and more homogeneous. The recommendation is to have a minimal wall thickness of 3 layers
for water-tightness of geometries.

Water and heat insulation
Two other conclusions from Arnoud van der Veen are that the printing material blocks almost all the water and the
material has a relatively low heat capacity so insulates air heat well.

Price
From the information of Cincinnati Incorporated about the BAAM printer the price for ABS plastic with carbon
reinforcement is between 5-15 dollar per pound (2-6 €/kg) (Molitch-Hou, Bertha Plans to 3D Print Faster, Bigger, &
Cheaper Than the Competition, 2015). This material are plastic pellets like used for injection molding. These are less
expensive per kg then filament used for consumer printers. For which the prices start at 17 €/kg (3ders, n.d.) and have
an average of 40 €/kg.

THE DESIGN
As earlier mentioned in the introduction an advantage of additive manufacturing is the production of the final object
direct from the computer model. From model to final print several steps have to be taken. The first step is the model,
from the model a print path have to be created and the printer will follow this printpath while actually printing. The
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printing model can be designed in several software programs. These programs are widely available. Important is that
the design is limited to the design boundaries from the 3d printing.

Support structure
When designing an object to 3d print it should be designed or orientated that the model can support itself. If not then
a support structure is necessary. The support structure is a temporary structure which supports the overhanging
geometries. For desktop FMD printers the maximum overhang is around the 45°. Support structure can be the regular
print material, or for printers with a double extruder an in water dissolving material. If regular print material is used,
the support structure requires breaking and peeling away. Other post-processing steps can be sanding or vapour
smoothing to polish the object. Figure 2.7.1 shows the effect of the maximum angle of a printable object. With a
smaller nozzle size the side of an object is more smooth than with a larger nozzle.

Figure 2.7.1 - Maximum overhang with different nozzle sizes

Building time and quality
Production of parts is all about the building time and quality of the print. The building time depends of the printing
speed, part size, layer thickness and build orientation. In general the larger the printing object the longer the printing
time. The height of an object is divided in layers. The height of the layers depends on the nozzle size.
The layer height mainly influence the surface quality. The larger layer height thickness the poorer the curvature of the
part is. This is called the ‘stair-stepping’ effect. In general FDM printers have a large stair-stepping effect because of
the large nozzle size.

Continues flow
The Kamermaker 1 printer from DUS Architects prints with a continues flow. An object produced with this printers
should be designed that it is possible to print with a continues flow. This means a continues printing line to complete
a layer without moving while the extrusion stops and results in a surface without holes or openings.

CONCLUSIONS
Conclusions are drawn to answer, from the perspective of 3d printing, some of the subsidiary questions.
What is the added value of 3d printing for façade panels of temporary housing?
• The added value of 3d printing can be found in the production of high customizable, low volume and shape
complex products.
What technical parameters of the 3d printer influence the design of the product?
• FDM printing is a technology consisting out of four elements: the machine, the material, the dispensing head
(extrusion head) and the predetermined pattern (design).
• The machine defines the building volume of the printable elements. Main possibilities are a gantry system, 6axis-robot or scara robot. Machines used for the extrusion of plastic starting at €20.000 euros for a second-hand
6-axis robot system up to €100.000 for a complete system (robot and extrusion head) and above the million
euros for an advanced and precise system.
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The extrusion head of the printer melts plastic pellets and forces it through the printing nozzle. The printing
nozzle defines the width and height of the output layers. The whole extrusion system defines the extrusion rate
of the printing nozzle. With a higher extrusion rate objects can be produced faster.
Objects can be printed in two directions, the xy-plane (flat) and the xz-plane (upright). Prints in the xz-plane
have the advantange of design freedom in multiple directions. Prints in the xy-plane have the advantage of
printing a thin plate.
As result of the layered production process the maximum angle of a new layer on top of the previous layer can
be maximum 45°. With a larger angle support structure has to be printed and this causes extra printing time and
post-processing of the printed object.

Which material properties influence the design of the product?
• 3d printing is the process of melting plastic and laying it down layer by layer. The material is a very important
element in this process. For printability the best properties would be a low glass and melting temperature but
for mechanical properties a high glass and melting temperature is necessary.
• As result of the layered production technique elements loaded perpendicular to the print direction loss 60% of
their strength compared with elements loaded parallel to the print direction.
• Object should be printed with multiple printing lines in the printing plane. Geometry members consisting out
of multiple printing lines are stronger, more isotropic and more homogeneous.
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FAÇADE CLADDING
In the previous chapter the 3d printing production technique for the façade element is discussed. This chapter goes
more in depth in the general functions and regulations of the façade. First an overview of the most important
performances of the façade is given. From an introduction of different types of façade systems the requirements for a
façade are described. To conclude an overview of the market and the value to 3d print a façade.

FROM WALL TO FAÇADE
From historical point of view the first human-made shelters where spots to mainly protect people from the weather.
These first external walls where besides, the protection from the weather, also the main loadbearing structure. Therfore
walls are associated with stability, robustness and a most heavyweight construction (Herzog, 2004). With the
development of the society became a need for buildings to fulfil demands and functions concerning usage and comfort.
The external wall became important for the perception of a building, of its ‘face’, or in Latin ‘facies’. This means
something that is perceived from its surrounding as the prime and governing semantic message (Herzog, 2004), it became
a façade. The aesthetic values, the façade as status symbol with graphic features, textures, colouring, engraving and
relief, communicate an expression. To protect people in buildings from fire and earthquakes and the people
constructing the building, regulations concerning the safety were imposed. Nowadays the dependence on the use of
fossil energy to create an artificial interior climate is being doubt. The environmental issues become very important,
for example to reuse natural sources due to scarcity of resources. New regulations nowadays are mainly focussed to
reduce the energy use. To increase the user comfort level and lowering the energy demand new technologies being
developed which bring new façade types. Trend in façade technology is the increasing complexity (Knaack, Klein, Bilow,
& Auer, 2014). The façade will more act like the human skin, it reacts and adapts to its surrounding.

Performance
The façade is a technical challenge with the combination of a lot of functions in a separating layer between outside and
inside. These functions are visible in figure 3.1.1. The performance of the façade can be divided in five different
categories according to Blom & Hendriks (2005):
• The façade as protection against the outer climate. In historical terms the façade is a barrier for protection against
the outside world and inclement weather. The façade protects against water and wind from outside.
• The façade to regulate a comfortable and healthy indoor climate. Temperature is important for the level of
indoor quality, the façade is the barrier between the outside and the inside temperature. It also protects against
sound from outside. With windows in the façade daylight can enter the building but also sun radiation which
can heat up the building.
• The façade as structural element. Wind and own weight are important factors that influence the connection of
the façade with the building. Regulations make sure that the façade is structural strong enough. The protection
to fire is also important with designing the façade.
• The façade as aesthetic element. For architects the façade is the part of the building what is really important to
show. This is how the buildings looks like for people on the street. Because of the outer climate the façade will
degrade and to keep it in good condition the façade has to be designed on a proper way.
• The façade and the environment. Materials used in the façade have an impact on the environment. Also the
design of the façade influence the sustainability of the building.
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Figure 3.1.1 - Functions of a facade (Knaack, Klein, Bilow, & Auer, 2014)

FAÇADE CLADDING
Facades can be divided in different categories according to Knaack (2014) and Blom & Hendriks: the solid wall
construction, the warm façades where the insulation layer is mounted directly on the outside or inside of the
construction and the cold façades where the insulating layer is separated with a layer of air (see figure 3.2.1). For facades
with glazing there are several types but for this research is not looked into facades with windows or glazing.

Figure 3.2.1 - Solid wall, warm facade, cold facade, system with glass

The scope of this research is on the cladding system of the cold facades. According to the ETAG 034 (EOTA, 2012),
the certification guideline for Kits for External Wall Cladding the system is described as: vertical exterior wall claddings
consisting of an external cladding, mechanically fastened to a framework, which is fixed to the external wall of new or existing
buildings. Important characteristics for this type of façade are:
• There is an air space between the cladding element and the insulation layer.
• The cladding elements are attached to the external wall using a subframe.
• The cladding elements are not load-bearing construction elements.
• The cladding kits do not contain windows or doors.
• The cladding system is not the watertight element, the substrate wall is.
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Layers of construction
Figure 3.2.2 is a principle for a façade cladding with panels and describes the different layers of the cladding kit and
their function. The first layer (1) is the outer shell. This layer protects the buildings against the weather and is the first
line of defence against water. Besides protection this is the aesthetic element and determines the ‘face’ of the building.
The second layer (7) is the air cavity. Water what penetrates into the air cavity is drained out due to the ventilation
inside this layer. The ventilation keeps the other layers dry. The third layer (2) is the insulation layer. This layer keeps
the heat of the building inside and de cold outside, or vice versa. The fifth and final layer (8) is the inner cavity leaf,
most of the times also the load bearing layer. This layer is constructed air-tight and is the second line of defence against
and guarantees the water tightness of the façade. The interior finish determines the ‘face’ of the inside of the building.

1. panel
2. insulation
3. fixation of the panels
4. panel connection with water barrier
5. construction for fixation
6. anchoring
7. air cavity
8. building structure

Figure 3.2.2 - Principle of facade cladding with panels (Blom & Hendriks, 2005)

Anchoring system
According to ETAG 034-1 claddings are differentiated according to the methods of fixing. The systems are divided in
eight main families (A to H). Other exterior kits are a similarity of one of these families.
Table 3.2.1 - Anchoring systems (EOTA, 2012)

A- Cladding kit consisting of cladding elements mechanically
fastened to the subframe by through
fixing (e.g. nails, screws, rivets, …)

B- Cladding kit consisting of cladding elements
mechanically fastened to the subframe by a specific
anchor placed in an undercut hole and anchored by
mechanical interlock (at least 4 anchors):
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C- Cladding kit consisting of cladding elements installed on a
horizontal grid of metal rails or pins
(e.g. dowel anchor), screwed to a vertical subframe

D- Cladding kit consisting of cladding elements, integrated
with adjacent elements by interlocking
together at top and bottom with an overlap, fixed to the
subframe by mechanical fixings positioned
on the top edge and masked by the edge of the upper
elements

E- Cladding kit consisting of cladding elements fixed to the
subframe by mechanical fixings
positioned on the top edge and masked by the edge of the
upper plank

F- Cladding kit consisting of cladding elements mechanically
fastened to the subframe by at least 4
metal clips or rails

G- Cladding consisting of elements suspended on the
subframe

H- Tile-hung Cladding kit

BUILDING CODE REGULATIONS
External cladding of a building must comply with the building regulations. These regulations are written down in the
Buildings Decree 2012 (Answers for Business, n.d.). For external wall claddings it is not required to have certification
with the building product but manufactures should be able to attest that the product meets the requirements of the
Dutch Buildings Decree. A way to prove that the product meets the requirements is to get the product certified. In the
Netherlands the requirements for certification is written down in the Nationale Beoordelingsrichtlijn (National
assessment guideline). For external wall claddings it is BRL 4101 part 1 Façade cladding with panels (Kiwa, 2012). This
guideline is linked to the Building Regulations from the Dutch government.
There is also a European standard for the certification of cladding systems. Since July 2013 all construction products
in Europe need a harmonised European Standards CE Marking. The EU Construction Products Regulation (No.
305/2011 - CPR) lays down harmonised conditions for construction products. This to overcome the technical barriers
to trade inside the different countries of Europe. This is published by the European Organisation for Technical
Assessment (EOTA) and called the European Technical Approval Guidelines (ETAG’s). For Kits for External Wall
Claddings the ETAG 034-1 and the ETAG 034-2 are applicable (EOTA, 2012). When the product receives an ETAG
certificate it can display the CE mark and can be sold in Europe.
In appendix 5 the building code departments which are described in the Building Decree 2012 are shown. These are
the departments that are applicable for the wall cladding. In the same table the regulations from the ETAG 034 are
compared with the BRL 4101-1. All detailed information about the building regulations are described in appendix 5.
In this chapter the most important regulations are discussed and listed to get an overview.
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General strength of load-bearing structure
The first regulations is the general strength of the panel. It should withstand different forces. To receive the certification
the panel should be tested on these five requirements:
• own weight of the cladding:
• the wind load:
• the loads due to temperature differences:
• the loads due to imposed loads (curved shaped cladding):
• impact loads:

Fire regulations
The goal of the fire safety regulations in the Building Decree 2012 is preventing casualties (injuries and fatalities) and
prevent a fire from spreading to another plot. The main purpose of the regulations are the ability of people to escape
without the help of the fire brigade. This is realised with a maximum time of collapsing of a building and the distance
of escaping to a safe place for the people inside the building. In the building regulations this is stated as the fire
resistance. For the fire resistance the resistance to fire will be tested over the structural part of the building. The cladding
kit is not part of the structural element of the building and so it does not have to meet requirements for the fire
resistance.
A second goal from of the fire regulations is to reduce the risk that a fire could occur, could develop or may spread.
This is the reaction to fire, the behaviour of the material of the cladding kit in case of fire. The reaction to fire has to
be tested according to NEN-EN 13501-1 and will result in fire classes A1 to F. The minimum requirement for a façade
of a building class D fire rate is required. With a floor at 5 meter height the first 2,5m have to be class B fire. To test
the reaction to fire a value for the Fire Growth Rate (FGR), the Total Heat Release (THR) and the Flame Spread (FS)
will be given. In appendix 4 the specific values for the fire classes can be found.
To test and determine the fire classes several test are described in the Euroclass system (Instituut Fysieke Veiligheid, 2014).
The Single Burning Item (SBI) test is developed by the European Committee for Standardization. The Fire Growth
Rate is determined with the Single Burn Item test. This test is based on a fire scenario of a single burning item, for
example a burning wastebasket. By measuring the oxygen values and the smoke and CO2 values the classification is
determined. The Flame Spread is determined with the Ignitability test. A candle flame is positioned at the bottom of
the test sample. The temperature above the flame is 180 °C. During the test flames can only spread vertically. Both
tests are visible in figure 3.3.1.

Figure 3.3.1 - SBI test and ignitablitiy test (Instituut Fysieke Veiligheid, 2014)

Water- and airtightness
The third regulation group is moisture reduction, the wall should be designed that water will not penetrate the surface.
Cladding kits with a ventilated air space behind the cladding water should be designed that water will drain out of the
system.
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In solid walls with a pressure difference between outside an inside, water penetration will always occur under the
influence of gravity force, capillary action, kinetic energy and pressure difference, for more information see appendix
5 chapter 9.5.3. The addition of a cavity will separate the outer wall (the rain seal) and the inner wall (the wind seal).
This is called a pressure air cavity wall. The cavity will result in pressure equalisation over the exterior wall. The most
important factor of water penetration is neutralised in this way. It is a double seal system, one for the rain and one for
the air. The cavity will also function as drain for the water what is leaking through the outer layer. Important is that
the inner wall is completely air-tight. An outside partition wall is determined according to NEN 2778 waterproof.
Drywall systems consist of a watertight foil and so in the most cases facades consisting of plates are not tested for
waterproofing (Blom & Hendriks, 2005).

Limiting the occurrence of noxious substances and ionising radiation
The material used in the façade should not be harmful for people and nature. In the BRL this is described as no harmful
substances. The ETAG goes more in depth with the different materials.

Protection against rats and mice.
To prevent animals to nest in the cavity, the openings of the outer wall are maximum 0,01m (10mm). This regulation
is only named in the BRL.

Energy efficiency
For the whole façade there are regulations of the energy behaviour of the wall. For cladding systems this is not relevant
because the function of the cladding kit is without energy insulation function.

Durability and serviceability
The façade cladding shall be stable to temperature variation, humidity, shrinkage and/or swelling, freeze-thaw cycles,
chemical and biological attacks, corrosion and UV radiation.

OTHER REQUIREMENTS
Besides the building code requirements there are some aspects which are not described in the building code but should
be met.

Maximum weight lifting elements
The maximum size of the elements will be limited by the weight of the panels. After printing they should be able to be
handled by the construction workers. Weight is the most important factor then. To protect construction workers that
they work in proper conditions in the Netherlands there is the Arbowet (Working conditions legislation) (European
Agency for Safety and Health at Work, 2013). To lift elements is not limited in the Arbowet but it does say that it is not
allowed to be a risk for the safety and health of the worker (Arboportaal, n.d.). In Arbobesluit 5.2 is referred to the
NIOSH method to calculate the maximum weight workers are allowed to lift. The methods look into the weight and
the circumstances in which is the object being lifted. In the NIOSH method the maximum optimal weight is 23
kilograms. It is not compulsory to follow the NIOSH method but it is recommended. In the Arbobesluit the maximum
weight what is allowed to lift is 25 kilograms for one persons and 50 kilograms for two persons (Arbouw, n.d.). Above
50kg is not allowed to manually lift an element.

MARKET
As described in the introduction of the report the Heijmans ONE building is used as case study and is described in
this chapter.
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Heijmans ONE
The Heijmans ONE is a rental house developed by Heijmans. It is a detached house that is located on temporary
empty spaces in a city. With a kitchen, bathroom, big living area, bedroom and own front door with terrace it is fully
equipped. It is designed for a young, well-educated, single-person’s households. The house consists of two building
components which can be transported on a trailer. These component are stacked on top of each other to form the
Heijmans ONE. The dwelling is designed for 30 years and will be moved six times in its lifecycle. The temporary rental
contract offers short stay living. For young people it is an affordable single-person house with space for a double bed.

Figure 3.5.1 - Impression Heijmans ONE (Heijmans)

The main structure of the Heijmans ONE are wooden insulated sandwich elements. The side facades and roof are steel
trapezoidal sheets. The front and back of the façade are wooden sheets. These façade element can be replaced by a 3d
printed façade cladding. The first step will be the front and the back elements, the light wooden elements in figure
3.5.1. A step further can be the side façade and roof. The wooden sheets are connected to a wooden back structure by
nails. The hard part for designing a façade for the Heijmans ONE are the angles between the panels as visualised in
figure 3.5.2.

Figure 3.5.2 - Heijmans ONE front and back facade
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Pricing Heijmans ONE cladding
The front and back façade are 20,45 m2 from Multiplan on back wood with a price of 31,40 €/m2- 642,13 €/ONE.
The side facades are 86,30 m2 profile cladding from Arcelor Mittal with a price of 17,73 €/m2- 1530,36 €/ONE.
The roof is 40,70 m2 profile cladding from Arcelor Mittal with a price of 22.78 €/m2– 930,82 €/ONE

Facades with unique panels
The Heijmans ONE has flat façade panels which can easily be produced with current production techniques and are
therefore relatively cheap. In this chapter is looked into the market of buildings with double curved facades. Architects
who design buildings with double curved shapes are for example Zaha Hadid and Frank Ghery. The Dongdaemun
Design Park in Seoul, Korea, designed by Zha Hadid Architects is covered with 45.133 panels. 21.753 (48,2%) of
these panels are double curved and 13.841 (30,7%) are flat panels of 4 mm thick aluminium with different shapes,
colours and patterns (Lee & Kim, 2012). Another project, Frank Ghery’s Experience Music Project (EMP) in Seattle,
United States, is covered with 21.000 unique shaped metal sheets (Zahner, 2015). These sheets are cold-bended along
the curved surface on site. These large amount of panels have to be produced by specialised machines to bend every
panel in its unique shape.

Figure 3.5.3 - Dongdaemun Design Park (left) and Experience Music Project (Archdaily, nd.)

Panelization
To produce the façade panels for a building the surface has to be divided into small panels of a constructible size, this
is called panelization. The process of economically optimizing is called rationalizing (Lee & Kim, 2012). For the
designs of a façade surface the visual appearance of the division of panels is usually provided by the architect. The
panels can be divided into four different types, see figure 3.5.4, according to Pronk & Dominicus (2012) and Lee &
Kim (2012). The first panel type is zeroclastic or so called the planar surface. The cheapest to manufacture and will
result in a faceted appearance. A triangular shape of the panels is the simplest panelization of the surface. The second
type is the one way curvature and is called monoclastic. These panels can be fabricated by bending a flat piece of
sheet material. Most surfaces are developable surfaces, a surface that can be unfolded into a flat surface. The third and
fourth type are the double curved panels. The production process for these types is the most expensive. The two-way
curved panels are dived into the synclastic panels, these are curved towards the same side in all directions (dome
shape) and the anticlastic shape, curved in opposite ways in two directions.

Figure 3.5.4 - Panel types: zeroclastic, monoclastic, synclastic and anticlastic

Prices for curved panels
For the production of double curved panels almost always a mould is needed (Alonso-Pastor, L. et al., 2014). For fiberglass,
concrete, plywood and glass the bulk of the production costs is the mould. For non-heating processes expanded
polystyrene (EPS) is an excellent option. In general 2d cutting is cheaper then 3d milling so for a lot of moulds ribbons
of 2d wooden plates are used to form the final shape. In the research from Schippers & Grunewald (2014) the element
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price of double curved precast cladding elements in fibre-reinforced concrete are stated. An element price of €500 to
€750 per square meter is a commercially accepted price, 60–70% of this price is the milled formwork. For the
production of the façade from the Dongdaemun Design Park designed by Zaha Hadid several production techniques
for forming the metal sheets are compared (Lee & Kim, 2012). The challenge was the production of double curved
panels in a short period. For the irregular shaped building die forming was not a feasible production technique. The
sample cost approximately 7.000 dollar per square meter and could only be used once. For single point forming,
hammer a sheet of metal with a bolster plate, the production time of two plates per day was to slow. Hydroforming,
another type of die forming, cost approximately 3.000 dollar per square meter. This technique takes 5 to 15 minutes
but changing the die takes two to four hours. Finally a newly multipoint stretch forming methods was developed with
which it was possible to fabricate panels for 260 dollar per square meter, in an average time of 15 minutes. A cost
estimation is also given by Park & Ock (2015) where the average values per m2 for three projects in Korea
(Dongdaemoon Design Park, Chongok Historical Museum and Pusan Movie Centre) are stated. The production of
double curved panels ($1.700) is almost double as much as that of single curvature panels ($857). Between single
curved and planar panels ($784) there is a little difference (prices are including 30% overhead and VAT). The average
price for unique, irregular shaped façade panels is because of the comples production process very high, a price between
300 and 1500 euros per square meter is not an exception.

Other façade claddings
For façade cladding several materials can be used for cladding like stone, clay, concrete, timber, metal and plastics
(Herzog, 2004). In this chapter the different materials are described and compared to understand the advantages and
challenges while using plastic to 3d print a façade.

Natural stone
Stone is among the oldest building materials and was used as load bearing element for buildings. As cladding panel the
average density is between 2000 – 3000 kg/m2. Stone cladding is used in planar panels cut in the correct shape. For
the anchoring system mainly type B and C (see chapter 3.2.2), dovels in holes in the panels, are used to carry the heavy
natural stone panels. The colour and surface texture depends on the mixture of minerals and pigments it contains.
Clay
The fired brick is the most common used building product from clay. When clay is used as façade cladding panel it is
called a ceramic panel and has a density between 1600 – 2000 kg/m2. The most ceramic panels are shaped by pressing
clay in a negative mould and dry the panels. Two sides have an open structure and the other sides are closed. The
anchoring system for ceramic panels is mainly made of stainless steel or aluminium and are group B, C, F and H from
chapter 3.2.2. The colour and surface finish is mainly the own natural colour of the clay.
Concrete
Concrete is mainly used for structural purpose in buildings due to its conjunction with steel, high loadbearing capacity
and mouldability. Concrete is classified in according to its oven-dry density: heavy concrete (>2600 kg/m3), normal
weight concrete (>2000 – 2600 kg/m3) and lightweight concrete (800 – 2000 kg/m3). Concrete as façade panels is
governed in the same way as natural stone and has a density between 500 –2400 kg/m2. The maximum size of the
panels can be 5 meter long and the thickness of the panels depends on the strength of the concrete (generally 40mm).
Besides the heavy concrete elements fibre-cement sheets can be used as cladding. The maximum size is 3,1 x 1,25 meter
and are 12 to 18mm thick. These panels can be sawn, drilled and milled. The colour and surface finish can be done by
coating to make the panels more waterproof. Aging of the material are mostly due defects of detailing of local run-off
water on the panels.
Timber
Wood has different property behaviour in the different directions, anisotropy. Wood should be protected against
moisture, temperature effects (summer and winter thermal performance), solar radiation and wind. A large number of
wood-based products are available for the building industry. Wood can be used as planks, sheets or shingles on the
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façade and is mostly screwed on a back structure (A, D and E from chapter 3.2.2). The backside of the wooden façade
should be ventilated to owing to the risk of saturation. Wood can be treated on various ways to protect it against water
and UV radiation.

Metal
Metal sheet are in the architecture used to create a cladding over very freely designed building forms. The thin metal
sheets are able to bend in different directions. The process of producing metal sheets are steps of forming, shaping,
separating, joining and coating. Metal sheets are because of their high strength and good formability also used as
sandwich element. By shaping the sheet the structural capacity will increase. The sizes of metal sheets and sandwich
elements are limited by the transport requirements and the sheet width. The fixings of metal sheets are usually screws
and bolts (A, D, E and G from chapter 3.2.2). Most of the metal materials react to environmental influences. Sheets
can have special treatment in order to resist these environmental influences.
Plastic
Plastics do not occur in the nature in their final form, they are manufactured by controlled chemical reactions and are
engineered to be suitable for a specific application. Plastics have a lot of advantages, for example low density, high
elasticity, low water absorption and ease of working and processing. Plastics do age faster than the lifespan of a building,
this should be taking into account for the use of façade panels. Besides aging, plastics are weak in case of fire. Extruding,
calendaring and pressing are the most common manufacturing methods with plastics. The anchoring of sheets and
moulded parts for facades all exhibit a high coefficient of thermal expansion. All fixings must include flexible seals to
ensure that the material can expand. It is possible to add a coating of plastic or silicon to protect the material to
moisture, uv radiation, microbes and fungal growth.
Table 3.5.1 is information retrieved from Archidat (Archidat Bouwinformatie, sd). On the site a lot of information about
cost can be found. This is complete information included with man hours. The table shows the average price, the
highest and lowest price for the different building materials inside the category. The number behind the category shows
the number of different materials in the category.
Table 3.5.1 - Cost comparison cladding
Category

Min

Max

Average

Wood, 16

€ 61,57

€ 87,62

€

73,53

(inc. back wood)

Fiber cement, 3

€ 54,74

€ 91,91

€

77,11

(inc. back wood)

Stone fibre, 14

€ 68,69

€ 102,41

€

82,69

(inc. back wood)

Plastic, 17

€ 83,16

€ 157,18

€

105,35

(inc. back wood)

Metal, 25

€ 30,00

€ 180,00

€

119,71

Ceramic strip cladding, 6

€ 95,65

€ 119,01

€

103,60

Brick strip cladding, 2

€ 127,47

€ 155,23

€

141,35

CONCLUSIONS
Conclusions are drawn to answer, from the perspective of façade cladding, some of the subsidiary questions.
What is the added value of 3d printing for façade panels of temporary housing?
• The Heijmans ONE is a dwelling for temporary living which is transported every five years to a new location.
For every new location and new tenant, a new personally customized façade can be printed. The influence of 3d
printing for façade cladding for the Heijmans ONE is focussed on customization of the panels. This gives extra
value to the concept of the Heijmans ONE, it becomes a standardized dwelling with a personal façade. The price
of the printed façade should be comparable with the current wooden panels, 31,40 €/m2, of the Heijmans ONE.
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•

Other panels which are interesting to produce with 3d printing are the curved and double curved panels. The
price of these panels is with 300 to 1500 euro per square meter a factor 4 to 10 more than traditional façade
cladding (70 – 140 €/m2).

What are the regulations that are involved with the design of the product?
• In the Buildings Decree 2012 the regulations are stated with which the external cladding of a building must
comply. The BRL 4101-1 and the European ETAG 034 are certifications which will lead to meet the building
regulations.
• In these attests you have to meet the tests for the general strength, fire regulations (Euroclass B-D), water- and
airtightness, noxious substances and ionising radiation, protection against rats and mice (gaps max. 10mm),
energy efficiency and durability and serviceability.
• A construction worker is allowed to lift 25kg alone and 50kg with another person. Above 50kg it is not allowed
to manually lift an element.
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PART TWO: FAÇADE DESIGN PROPOSAL
In part two the information from the exploration part is used
to make a concept for the 3d printed façade. In chapter four
the technical and design elements to 3d print façades are
described. Chapter five gives inside in the ideas for the 3d
printed façade by an overview of the 3d print contest. The last
chapter links the previous chapters together to make a final 3d
printed façade design concept for the Heijmans ONE.
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Image Part two: 3DPrintFacade Contest
Design: DUS Architects
Picture: Christiaan Voorend
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PROGRAM OF REQUIREMENTS
To make a design for façade cladding produced with 3d printing, the main elements from the exploration parts are
used to create a technical program of requirements and a design guideline.

TECHNICAL PROGRAM OF REQUIREMENTS
The technical program of requirements is an overview of the main elements of 3d printing described in chapter one
linked to the regulations for façade cladding from chapter two. The result is summarized in table 4.1.1.
Table 4.1.1 - Technical program of requirements
Material properties
Temperature
Reaction to ﬁre (NEN 13501-2007)
Temperature variation
Sun radiation
Hygrothermal cycles

meet requirements
Euroclass B - D
air temp.: -20°C to +50°C
surface temp.: +80°C
cycle 80x: +70 °C, spray water
cycle 5x: +50°C to -20°C
no deterioration

UV radiation (ISO 877 & ISO 4892)
Printed lines
Horizontal point loads (e.g. ladder)
Impact resistance

static 500N load
1.0 kg steel ball from 1.02 m height
0.5 kg steel ball from 0.20 to 0.61 m height
3.0 kg steel ball from 0,34 to 2.04 m height
50 kg steel ball from 0,61 to 0.82 m height

Connection building
Strength
Intrinsic weight
Wind load resistance
Mechanical resistance

meet requirements

Cladding system
Water
Drainability

meet requirements

wind suction/pressure test
fixings has to be tested

water shall be drained out

Joints
Size

max. 10mm
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The material
The main element from the 3d printing technology which has to meet the requirement from the building regulations
is the material. The temperature properties of the material, the bonding properties between the printed lines and the
strength of the material in the connection with the building all depend on the used material.

The temperature
For the regulations the temperature properties of the material have a large influence. As described in chapter 2.6.2 the
material should have low glass transition, softening and melting temperature for easy extruding of the material. This is
in conflict with the product in which the material will be applied. As cladding material it should withstand fire,
temperature variation, sun radiation, hygrothermal cycles and UV radiation. The current material used at the 3d Print
Canal House with low temperature properties will not meet the requirements from the building code.
The printed lines
In the 3d Print Canal House in Amsterdam layers are printed with one line in the xy-plane. From the results of Arnoud
van der Veen described in chapter 2.6.5 recommendations are given to have multiple layers, three, printed in the xyplane to make the material stronger, more isotropic and more homogeneous. Techmer used for their test also an object
with three layers, this test is described in chapter 2.6.3. More lines in the xy-plane results in better bonding in the xyand xz-plane. With a stronger surface it is more likely to meet the requirements for the horizontal point loads and the
impact resistance from the building regulations.
The general properties
To meet the building regulations the general material properties have to be known. Material tests for the density,
bending stress, modulus of elasticity, hardness, freeze-thaw sensitivity and water absorption for the final used material
have to be conducted to retrieve these values.

The connection with the building
From the building regulations the intrinsic weight, wind load resistance and mechanical resistance are determined by
the connection of the façade with the building. Chapter 3.2.2 describes the main anchoring families and for all these
families are specific ways of testing, these are described in the ETAG 034-1. The number of lines in xy-plane are
important for the strength of the panel to withstand the forces on the connection.

The cladding system
Water
From the building regulations a requirement for cladding with an air cavity is that water will be drained out. The cavity
should be designed that water will be drained out of the cladding system and not into the wall.
Joints
The joins of the façade can be maximum 10 mm to prevent rats and mice to nest in the cavity of the outer wall.
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DESIGN GUIDELINE
In the design guideline the possibilities and limitations of the 3d printer and the regulations on the final design are
described. The result is summarised in table 4.2.1.
Table 4.2.1 - Design guideline
The cladding system
Orientation

requirement

Printing lines building
The panel

requirement

The machine
Building volume

maximum size panel

Extrusion head
Printing nozzle
(height & width line)

surface quality &
stair stepping effect

Extrusion rate

building time

Material
Printing plane

strength in direction

Number of printing lines
Shrinkage

strength surface
over scaling

Design
Printing plane (xy / xz)

design freedom

No support structure
Stability during printing

max angle 45°
connection bed & base surface

Strength design
Maximum weight

geometric shapes
<25kg, 25 – 50kg or >50kg

The panel
Maximum size panel -> robot size
The maximum size of the object depends on the working volume of the robot. The cartesian printers can relatively
easy be scaled up. The delta printers are good for use at high volume and high speed. The 6-axis robot is good for
printing complex shapes but is limited to its volume. This can be enlarged by putting it on a track. Figure 4.2.2 shows
the different building volumes of the large scale printers described in chapter 2.3. With the choice of a robotic system
the maximum printable volume of a façade panel will be determined.
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Figure 4.2.1 - Building volumes large scale printers

Printing direction -> XZ or XY
The first decision is in which plane the panel will be printed. In chapter 2.6.3 the print directions for a panel are
described: X, Y and Z direction. X and Y are in the xz-plane and Y is in the xy-plane. In table 4.2.2 the different panel
types from chapter 3.5.1 are listed in the three printing directions. The icons next to the image show if this panel type
and printing direction is stable

(green is stable, red is unstable) and if there is need for support structure to print it

(green is no support, red is support structure).
Table 4.2.2 - Possibilities for panel types and printing direction

X, upright (xz)

Z, on its edge (xz)

Planar,
zeroclastic

Folded,
zeroclastic

Single curved,
monoclastic

Wave,
monoclastic
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Y, flat (xy)

Double curved,
synclastic

Double curved,
anticlastic

From the above table can be seen that prints in the xz-plane have more design freedom than prints in the xy-plane
because these prints need for all other shapes than the planar shape support structure. If a desired façade panel is planar
and flat then printing in the xy-plane is a good solution. To also have design freedom in planar panels the extrusion
nozzle should be able to start and stop to make different kind of patterns. For prints in the xz-plane the upright (X)
direction is the best for the most design freedom. With straight sides, for zeroclastic and monoclastic, the addition of
a shape in the panel prevents the print fail because of stability issues.

Freedom
Stability

xz-plane
possible < 45˚ < support structure
problem because of thin base area

Final panel
Extrusion head

thick panels with continues line
prints are able with continues flow

xy-plane
possible < 45˚ < infill material
no problem with large base area
warping of material can be a problem
thin panels with pattern
for more design freedom a nozzle
should be able to start and stop.

Stability and geometrical strength
The model should be stable enough while printing, if not, the print will topple. High prints have a larger risk to topple
compared with long flat prints. The rule for the stability during printing is that the centre of gravity is during the whole
print above the base area of the print. Prints in the xz-plane have a larger risk to topple but there are some solutions to
enlarge the base area, see table 4.2.3.
In the Canal House project the printed shapes are all dices and triangles. These shapes make the final object stronger.
This printer is also not stable enough to print long straight lines, with geometric shapes in the surface the final print
will be stronger.
Table 4.2.3 - Stability during printing

Solve in shape model

Additional geometry
behind surface

Raft/brim
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External temporary
fixation

No support structure -> Maximum angle 45°
As described in chapter 2.7.1 it is preferred to design a panel with angles of maximum 45 degrees. Then there is no
need for a support structure and saves printing time and material use. From table 4.2.2 only the zeroclasic surface can
be printed without support structure, all the others need to be printed with support structure.
Use direction on building -> 0° or 90°
The printed panel can be connected to the building with the printing lines horizontal or vertical on the façade. After
printing, the panel can be rotated to have the lines vertical. From the AMIE project from chapter 2.3.2 is learned that
the material is stronger while printed horizontal but used vertical. The static load of the elements is than parallel with
the print direction which is stronger according to the material tests in chapter 2.6.3. For the strength of the panel the
recommendations is to use the panels in vertical direction. This will lead to challenges in the printing process when
looked into the stability and the design freedom of the final object as can be seen in figure 4.2.2. A pattern for the
stability during printing results in a shape on the sides of the panel, this should be taken into account during the
panelization of the surface.

Figure 4.2.2 - Use direction on building

Panelization
As stated in chapter 3.5.1 the division of the panels into constructible size is panelization. For 3d printing of panels the
division of the surface is limited to some boundaries. Printing objects start from the bottom and print up. For the
bottom of a panel the print should always be flat in the horizontal direction (see figure 4.2.3). The top of the panel
should be flat to connect to the panel above, this does not mean it should be horizontal because that depends on the
division of the surface. The sides of the panel are not limited to design boundaries and can be free of form. As long as
the printed panels are still stable during printing and the angles of the design won’t be bigger than 45 degrees.

Figure 4.2.3 - Boundaries panelization surface
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Nozzle size -> surface quality, extrusion rate and volume
The nozzle size is part of the whole printing system. With a larger nozzle size the extrusion rate will be higher and the
production will be faster. With a larger nozzle the surface quality of the object will be more rough and more lines are
visible on the facade. For further calculations with the extrusion rate, 35 kg/h will be used. This is the extrusion rate
used at the BAAM printer.. The printer in Amsterdam cannot print that fast yet. With an average of 7,2 kg/h it is five
times slower than the BAAM printer and because speed is a limiting factor for the production with 3d printing the aim
should be that his speed is as high as possible, if technically feasible.
With extra printing lines in the xy-plane the wall will be thicker and therefore the volume will be bigger. In chapter
2.6.5 the minimum amount of layers should be 3 lines. Three lines also results in three times the weight, material and
printing time compared with one line. The advice is to use two lines, it will be more isotropic but still an acceptable
weight, price and printing time. The volume of the object influence the weight, the price and the total printing time.
To summarize: Surface * nozzle size * number of lines

= volume
 weight
 material price
 printing time

Maximum weight lifting elements
The requirement for the maximum weight of a façade panel is 25kg or 50kg for two persons (see chapter 2.4). The
actual weight of the façade panels depends on surface area and the thickness of the surface, the number of lines in the
xy-plane. The two lines in figure 4.2.4 show the 25 and 50 kilogram maximum. The surface area at a specific wall
thickness can be seen in the graph. For two lines (10mm), the advised thickness of a surface, the maximum surface area
is 2,6m2 for one construction worker to lift and 5,1m2 for two construction workers to lift. Above 5,1m2 the elements
are not allowed to lift manually.
12
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8
6

Macht
50 kg(50 kg)

4
2
0

1
(5mm)

2
(10mm)

3
(15mm)

4
(20mm)

nr of lines (x 5mm)
Figure 4.2.4 - Number of lines in xy-plane and maximum surface area
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DESIGN CHECKLIST
To make a printable façade a checklist is made from the design guideline from chapter 4.2. The checklist gives an
overview of the decisions and the steps which have to be taken to develop a 3d printable façade cladding.
From the surface design the checklist shows two lines, xz and xy. With the less amount of design freedom and only
zeroclastic panels printable with the xy-plane the advice is to print in the xz-plane. After panelization the surface of a
façade panels printed in the xz-plane need a horizontal plane from where it will be printed. This leads to the stability,
prints in the xz-plane should be stable enough during the print. If the panel is not stable during printing, the print will
fail. The last check is if all the panels meet the 45 degree rule. Finally the print settings will be picked, the advised
numbers are in the checklist. With all these information it should be able to design a panelized and printable surface.
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FAÇADE DESIGN CONTEST
In the chapter two the technical elements of 3d printing for facades are described. To apply 3d printing on facades the
requirements for cladding systems are described and an overview of the possible market is given in the chapters three.
From these chapters a technical program of requirement, design guideline and checklist are made, which are all
technical elements. The social part, the possibility for users to design their own façade, is not yet discussed. A printed
façade cannot be ordered yet and large scale printing is still in experimental phase. What would be the function if a
user could design their own facade, what would be the colour, with which material and what would be their final
design? To get answers to these questions and to explore the design possibilities of 3d printing for facades a ‘Design
and Print Contest’ was launched. The contest was open so that everyone would be able to design their future 3d printed
façade. The participants were challenged with the following question:
Imagine you can design your own 3D printed wall cladding? What would this look like? Which
materials, structures and colours form the perfect combination? Unleash your creativity, design the
wall cladding of the future and win great prizes!
Participants could join by downloading the basic tile, a square of 15x15cm with holes in the corners, from the contest
website: www.3dprintfacade.com. Then they were able to adjust the tiles to their design. Only limited to the flat back,
the position of the holes and flat sides. In figure 4.1.1 the image from the design and print tips, from the website, is
shown. The green plate is the basic model and the red cube is the space to create a design.

Figure 4.3.1 - Design and print challenge basic tile
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A condition for the contest was to reach as much people as possible. The community of 3d printing is large and these
people mainly communicate through the internet. To enlarge our own social media network, Heijmans has 26,5
thousand followers on Twitter and more than four thousand likes on Facebook, we contacted 3D Hubs. This is an
online platform for 3d printing locally. They are connected with more than 20 thousand 3d printer owners. With their
contacts in the 3d printing world and the contacts from Heijmans in the construction industry we reached as much
people as possible via the website, social media and 3d print blogs. An overview of our social media reach can be found
in appendix 6.

CONTEST RESULTS
The combination of designing and printing the tile is a challenge. Mainly because people who are designers do not
have a 3d printers and vice versa. Finally the contest was a great success because of the great social media reach and the
valuable information from the contest for Heijmans. Hereunder are the contest results and an overview of all the tiles
in figure 5.1.1.
• Total tiles: 49
• Number of participants: 39
• Participants from 12 countries: Netherlands (31), United States of America (5), Italy (4), Israel (2), Canada,
Colombia, France, Lithuania, Mexico, Puerto Rico, Turkey and the United Kingdom
• Total number of online votes: 894
• Total number of visitors on the website: 7.716

Figure 5.1.1 - All contest entries
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Winners
The participants could win prices, the jury price and the public vote price, with participating in the contest From the
1st of September till the 30th of September the participants could participate with their entry in the contest.
On the 5th of October a professional jury (all have knowledge about 3d printing) judged over the entries to pick a
winner. The members of the jury where Hans Vermeulen, Co-founding partner House of DUS and co-founding
partner 3D Print Canal House, Tim Geurtjens, CTO for Joris Laarman Lab and co-founder of MX3D, Alma Krug,
Business development manager at Heijmans Technology, Simona Ferrari, Community Manager for EU and Asia at
3D Hubs and Salome Galjaard, Senior product and interaction designer in Arup’s Amsterdam office. They had a
difficult time making a final selection out of six favourites. The selection was based on four criteria:
• The tile was limited to 3D production (a unique 3d printing shape, some designs could also be manufactured
using a mould)
• Creativity, design & originality
• Function: extra features = added value
• Material and print quality
The jury picked the Canalwall tile from Henry den Ouden as winner of the contest. To motivate the decision hereunder
a quote from the jury report about the winner of the 3DPrintFacade contest.

Figure 5.1.2 - The winner of the jury price: Canalwall

“The jury chose this design because of its unique feature, the connected hollow letters which form a silhouette.
The idea behind using a syringe to inject grenadine into the hollow structure gives the tile a special effect which
can be admired from the outside of the building but also from the inside of the building because the material
used is transparent. By varying the colors according to the season or time of day it is possible to ‘play’ with the
façade and give it different looks. It could even be possible for companies of residents to customize their own
façade in the color, text, structure or design of their choice. Other possibilities are to either fill the hollow
structure with a colored or glow-in-the-dark light tube, or use it to drain rainwater.
The hollow structures on the edges are connected to adjacent façade tiles, so by combining different tiles an
entirely unique artwork can be created.
The hollow structure in the tile can only be achieved by 3D printing production methods. Every tile can be
produced with a different hollow structure and design, this is the added value of 3D printing.
It’s not so much the text ‘Canal House’ that the jury likes but more the idea behind it, the fact that you can
use hollow structures, letters or shapes to customize facades of the future.”
The winner was announced together with the public vote winner on the 19th of October. To select the public’s favourite
from the 49 designs it was possible to vote on the tiles from the 5th of October until the 18th of October. With 205
votes Corallo by Helder Santos from Italy was the winner. The second place was for Plus Minus by Vicente Gasco
from Puerto Rico and Ornamentation Deterioration by Jasper Manders from the Netherlands ended at the third place.
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Figure 5.1.3 - Public vote winner, number 1, 2 and 3.

ANALYSIS OF SUBMITTED ENTRIES
The result of the contest, the 49 tiles, are analysed to retrieve information from of the contest. First the tiles are checked
on three aspects. The first one is ‘designed for 3d printing’. All the tiles are manufactured with a 3d printer but this
does not mean that they could be produced with another production technique like milling. When a tile had a
continuous surface it could be produced with milling. When a tile had open surfaces, gaps and holes in the object it is
difficult to produce with milling and easy with 3d printing (marked with 1). The second criteria is the possibility to
print the tile with the Kamermaker. It should be possible to print the tile with a continuous print flow (marked with
1). The third criteria is whether a function is integrated (marked with 1). In appendix 6 an overview is given of all the
tiles. The results are shown in figure 5.2.1.
50

49

40
30

25

20

20

23

10
0

total tiles

designed for 3d
printing

printable with
Kamermaker

function integration

Figure 5.2.1 - Contest result

In the graph is shown that half of the tiles are designed for 3d printing only and also half of the tiles have a function.
A third of the tiles could be printed at the Kamermaker 3d printer.
In figure 5.2.2 the tiles which are designed for 3d printing represent the light blue circle with a total of 25 tiles. The
tiles with a function integrated represent the green circle with a total of 23 tiles. The tiles which are printable with the
Kamermaker represent the dark blue circle with a total of 20 tiles. Where the circles overlap each other, for example
designed for 3d printing and have a function integrated, these tiles have both values.

Figure 5.2.2 - Printability of tiles
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For the tiles which are designed for 3d printing, 16 tiles have a function integrated, only one is possible to print on the
Kamermaker and three have a function and are printable with the Kamermaker. A conclusion can be drawn that tiles
which have a function integrated are complex enough that they are a good option to be produced with 3d printing.
Another conclusion can be drawn that 3d printing of complex shapes and functions, as some of the entries are now,
are not yet ready to 3d print in the Kamermaker 3d printer. For less complex shapes with only an aesthetical function
printing is an option.
As in figure 5.2.1 shown there are 23 tiles which are designed with a function. A function is everything more than
aesthetical value. In figure 5.2.3 these functions are visualised. The largest group is flexibility. This is also the most
undefined group. Flexible tiles can move, consist out of changeable elements or noted in the description that the system
would be flexible with elements like tile 9 (see figure 5.1.1 on page 62). The second largest group is vegetation, the
integration of plants or other natural vegetation.

flexibility

1

2

vegetation

6

sun radiation

2

tubing
cooling

2

water
3

4

wind

Figure 5.2.3 - Functions of tiles

Printing direction
The design guideline in chapter 4.2 state the importance of the printing direction, the stability and the support
structure. From the design contest lessons can be learned from people who put a lot of energy in the tile they designed
and printed. Hereunder is an overview of the tiles grouped by printing direction. For the tiles in the xz-plane the
stability is analysed. For the tiles with ‘the stability in design’ they use their design to create a larger base area to be
stable during printing. The ‘stability with extra box’ tiles have a surface pattern which could be thin but for the print
an extra box behind the surface is designed to print it at a stable base.

Vertical, XZ-plane
Stability in design

Stability with extra box

For the panels in horizontal direction some panels are printed in the xy-plane but designs could be printed in the xzplane as well. As can be seen from the horizontal printed panels in xy-plane, 10 of the panels have the provided base
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thickness of 3 mm as base and on top of this the desired pattern. For the vertical printed panels this is none. Printing
in the xy-plane offers the possibility to have a thin panel with a pattern.

Horizontal, XY-plane
Only in XY-plane

(with adjustment) in XZ-plane

Some of the panels are not produced with FDM printing but with another printing technique.

Not FDM printing
SLA

SLS

CONCLUSION
The goal of this contest was to gain inside how people would design their future 3d printed façade. The result meets
the expectations for a contest focussed on 3d printing. Two features of 3d printing are mass customization and design
complexity. Mass customizations is visible in all the different designs from the provided basic tile. Half of the
contestants went a step further to design and print a complex tile which could only be produced with 3d printing. The
next step, to print the tiles on the Kamermaker, is only possible for panels with an aesthetic function. In the design
guideline from chapter 4.2 is stated that prints in the xz-plane have more design freedom than in the xy-plane. In this
contest can be seen that there is in both directions a lot of design freedom but in the xy-plane the design is added on a
back surface and not integrated in the whole tile. For the stability issue from chapter 4.2 several design options are
visible in the tiles from the contest.
The winner of the jury price is very ambitious because it is not sure yet if can be printed at the Kamermaker 3d printer.
For the jury it was very important that they had the focus on the challenge of a design which fully use the technology,
even if this technology is not ready yet to print the tile at large scale.
With the steps of designing, printing and sending the tile to Heijmans, the contest was a high threshold for
participation. Compared to other 3d print contests, where participants only have to upload a digital design or upload
a picture of their printed object. This high threshold can explain the amount of tiles received compared to the attention
on social media and blog, see appendix 6, this contest had. Most of the contestants where enthusiastic people with their
own 3d printer and not so much designers. This resulted in tiles which did not had all the benefits of 3d printing.
The contests was a great way of retrieving designs and connect people to the ideas of 3d printing in the building
industry. This contest was the first contest organised by Heijmans. With the amount of participants the contest was a
success for Heijmans. The (social) media reach was large and Heijmans came in contact with new people. For a next
contest in the field of 3d printing the contest should have more context in the form of an actual building. The
boundaries for this 3DPrintFacade contest where limited to the physical printing of the tile. The focus for a next
contest should be more on the design part of 3d printed panels. To retrieve valuable designs which can be implemented
on a case the focus should be on (professional) designers instead of 3d print enthusiasts/hobbyists.
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CASE STUDY: HEIJMANS ONE
In the previous chapters the technical requirements and design guideline for a printable façade are explained. The
contest results provided information about how the printable façade could function and look like. In this chapter the
3d printed façade for the case study, the Heijmans ONE, is described.

DESIGN
The design checklist from chapter 4.3 is used to make a 3d printable façade for the Heijmans ONE. The current front
and back façade are planer wooden panels, cut in the correct size and fixated with screws on a wooden back structure.
In figure 6.1.1 the design criteria from the ONE are shown. With a depth difference of 460mm between the steel
frame and the window mullions the panels are used in an angle. The design for the 3d printed façade has to connect
to the frame and mullions. The space behind the panels is used for tubing and other installation and can be limited
used for the printed panels. Behind the façade panels is the steel structure to connect the bottom part with the top part.
The current panelization is in three panels. The middle panel can easily be removed to check the tubing or to disconnect
the two parts of the Heijmans ONE and move the dwelling to a new location. With the angled panels and the roof
with two different angles, 29° and 49°, it is a challenge to design a surface which smoothly transforms over all the
panels.

Figure 6.1.1 - Design criteria Heijmans ONE
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Design
The design for the printed façade panels of the Heijmans ONE is the pattern from DUS Architects. This design meets
the requirement for the 45° rule.

Figure 6.1.2 - Picked design

Printing direction
From the checklist the first step is to pick a printing plane. The design which is used is designed by DUS Architects
and they already print the 3D Print Canal House with this design in the xz-plane. A point of attention is the stability
during printing because they normally print thick elements and this will be a thin façade panel.
Panelization
The next step is the panelization of the current façade. The division in three panels from the current design is used for
the 3d printed panels also. The largest planer surface (panel 10, see figure 6.1.3) for the Heijmans ONE is then 1,6
m2. When calculated this is around 18kg, still enough to be creative with the design pattern and a construction worker
is allowed to lift the panel on its one. The second condition is the horizontal base while printing up for prints in the
xz-plane. Panel 3 and 6 (see figure 6.4.3) are adjusted and have the twist from the corner. With this adjustment panel
7 and 8 start with a horizontal flat base.

Figure 6.1.3 - Heijmans ONE after panelization
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Check base for stability during print
For all the panels the base should be designed that it is stable enough during printing. This is taken into account while
designing the panels.
Check panels for 45° rule
The surface pattern of the panels should be designed that it will not be larger than the 45° angle. This it is an extra
challenge is for panel 3 and 6. These panels twist on the top to end with a horizontal plane for panel 7 and 8. The twist
brings an extra risk to be larger than 45 degrees.
Panelized surface
The final surface is visible in figure 6.1.4. It fits in the boundaries of the Heijmans ONE and the elements can be
printed with a large base area for the stability and do not exceed the 45 degree rule.

Figure 6.1.4 - Panelized 3d printable surface Heijmans ONE
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COST ESTIMATION
To compare the 3d printed façade a cost estimation is made for a square meter price and the price to produce the façade
for the Heijmans ONE.
The important variables from the design program of requirements are in the costs of goods. The nozzle size defines the
line width and the line width, multiplied with the number of lines, multiplied with the area is the volume of an object.
The volume multiplied with the density is the weight of the object and the weight multiplied with the price per
kilogram gives an estimation of the price per square meter. To make an estimation calculation for a square meter 3d
printed façade, a starting point for some design elements is picked. These choices can be found in table 6.2.1. The size
of the nozzle will be 5mm. The Kamermaker and the BAAM printer use a nozzle size around 5 mm. This results in a
line width of 5 mm and the line height is half of the width, so 2,5mm. The printing time depends on the extrusion
rate of the printer. An object which has to be printed has a certain volume and weight. With the extrusian rate an
estimatation can be made how long it will take to extrude the whole volume. For the calculation a value of 35 kg/h
will be used. This is around the extrusion rate of the BAAM printer. In the table the comparisation is visable with the
Kamermaker printer with an extrusion rate of 7 kg/h. The price per m2 depends on the material price. The price of the
ABS pellets is 2 €/kg as low price and 6 €/kg as high price. The calculating values for the price of the printing material
will be 3 euros per kilogram but also the calculation is made for 6 €/kg.
Table 6.2.1 - Material price and printing time 1m2
ATTRIBUTES
Nozzle size
Line width
Line height
Extrusion rate
Density material
Price
Nr. of lines

mm
mm
mm
kg/h
g/cm3
€/kg
nr

5
5
2,5
35
1,1
3
2

m2

1

cm3
kg
min
€

10000
11
19
33

7
6

ELEMENT
Area
PANEL
Volume
Weight
Printing time
Price

94
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For a square meter the material price will be between the 33 and 66 euros. The printing time will be between 19 and
94 minutes for 1m2 façade.
For the Heijmans ONE, the front and back surface is 20,3 m2 façade, the calculation in table 6.2.2 shows that it will
cost around 670 euro for the material and can be printed in one day. The printing time in this case is very optimistic.
The extrusion rate of the BAAM printer is used and this five times more than the current extrusion rate of the
Kamermaker. For the Kamermaker it would take 32 hours, a week, to produce the façade for one Heijmans ONE.
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Table 6.2.2 - Material price and printing time Heijmans ONE
ATTRIBUTES
Nozzle size
Line width
Line height
Extrusion rate
Density material
Price
Nr. of lines

mm
mm
mm
kg/h
g/cm3
€/kg
nr

5
5
2,5
35
1,1
3
2

m2

20,3

cm3
kg
min
hr
€
€/m2

202815
223,1
382
6,4
669,3
33

TOTAL
Area
PANELS
Volume
Weight
Printing time
Price
Price (per m2)

Cost of goods
The printing time and price are only for the material of the elements. Extra costs as startup costs of the printer, changing
material and removing elements are not estimated to get an overall indication of the production cost of a 3d printed
façade for the Heijmans ONE.
Table 6.2.3 - Heijmans ONE cost estimation, cost of goods
FIXATION ON BUILDING
Worker

€/h

40

Install time

h

0,25

Transport

€

Price/m

€/m

15

€

33

€

15

€

48

2

5
2

TOTAL
element
fixation
Price/m

2

Overhead costs
For the overhead costs the investment will be done in the first year. The printers will be purchased in 2016. In this
year further development of the façade element will be conducted. Test panels will be produced and tested to get the
certification to use the panels as building product. In this calculation two employees are employed to realise the facades.
The project manager will have contact with customers and will manage the marketing. The technical designer will
make the 3d models which will be printed. He will control the printer during printing.
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Table 6.2.4 - Heijmans ONE cost estimation, overhead costs
2016

2017

2018

R&D COSTS
3d printer

100.000

maintenance

10%

energy

10.000

10%

1.100

tests

15.000

certification

50.000

subtotal

176.100

PERSONNEL

Month

Year

10.000

10%

1.100

1.100

11.100

11.100

Month

Year

Month

project manager

5.000

5.000

5.000

technical designer

5.000

5.000

5.000

subtotal

10.000

120.000

10.000

10.000

120.000

10.000

Year

120.000

COMMERCIAL
general
OVERHEAD COSTS

10.000

20.000

20.000

€ 306.100

€ 151.100

€ 151.100

Return on Investment
This overview shows the return on investment in three years. In the first year a symbolic first façade for the Heijmans
ONE will be printed. In the second and third year the number of printed facades for the ONE’s are calculated for the
maximum capacity of the printer. From the previous calculation for the Heijmans ONE a façade for a ONE can be
printed in one day. The number of facades that can be produced in a year are the working days of that year minus 10%
for maintenance and other not workable days.
Tabel 6.2.1 - Heijmans ONE cost estimation, return on investment
2016
SQUARE METERS
Heijmans ONE

20,3

2018

per
ONE

1

234

235

2

m

20

4.746

4.764

20

€/m2
€/m2

0
974

569.505
227.802

571.695
228.678

2.429
974

GROSS PROFIT

€

-974

341.703

343.017

1.455

OVERHEAD

€

306.100

151.100

151.100

1.295

PRE-TAX PROFIT

€

-307.074

190.603

191.917

161

Total
SALES
COST OF GOODS

120
48

m2/st

2017

3 year

average

470

€ 75.446

€ 25.149

With a price around 112 euros per square meter the investment from the first year is returned. At a price of 120 euros
per square meter there will be a small profit after three years. Compared with traditional facades this price is high but
the advantage of customizability should be worth this extra cost. The total price of a 3d printed façade is €2.436. For
somebody who rents the Heijmans ONE five years it would cost 30 euro per month for a tenant to have a printed
façade on the Heijmans ONE.
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CONCLUSIONS AND RECOMMENDATIONS
In this chapter the conclusions and recommendations of this
master thesis are discussed. First conclusions regarding the
objectives of this project are discussed, followed by
recommendations for further development of the 3d printed
façade.
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Image conclusions: 3DPrintFacade Contest
Design: Remco Liefting
Picture: Sander Willems
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CONCLUSIONS
The added value of 3d printing for façade panels can be found in the features of the technology. First of all façade
panels created with Fused Deposition Modelling can be every time unique because of the process of adding material
layer upon layer with a robotic system. For printing of facades this results in façade panels which can be mass
customized by the consumer or architect of a building. In the design contest organised to gain inside in which designs
the consumer would make with 3d printing resulted in a variety of façade designs. These tiles where designed with
different patterns, logos and functionalities. The addition of functionality is the second feature of 3d printing for
façades. From the design contest can be seen that half of the tiles have a function integrated. These functions; flexibility
of panels, vegetation, absorption of sun radiation, tubing, cooling, water collection and wind generation can easily be
integrated in the façade design and being printed. The freedom of production which 3d printing offers is that façade
panels can be unique, customizable and have functions integrated.
For this research is looked into the 3d printing technology Fused Deposition Modelling. The technology consist out
of four elements – the machine, the extrusion head, the material and the design – which all have difference influence
on the final façade panel. The material is the most important element. The current material used in for the 3D Print
Canal House does not meet the requirements from the Building Code. To meet these requirements the final panel
should be strong enough to be fixated to the building and should withstand various temperature difference in the
outdoor environment and during fire. The disadvantage of the extruding plastic is that the extrusion temperature for
current materials is lower than the temperature required to meet the building regulations. The extrusion of lines on
top of each other also influence the final strength of a façade panel. Printed surfaces lose nighty percent of their strength
perpendicular to the printing direction compared with the injection molded reference, this as result of the low interlayer
bonding of the extruded lines. In the parallel direction of the printed lines the material is loses sixty percent of their
strength compared with injection molding. The number of layers in xy-plane (with a printing direction in xz-plane)
are from structural point minimum three. More layers in the xy-plane cause a more isotropic object. These factors have
to be taken into account during the design of a façade element which will be 3d printed.
The design of a panel is, because of the use of FDM printing, a bit limited. The extrusion head deposits a line of plastic
on top of each other. This line can have a maximum angle of 45 degrees on top of the other line. If the overhang of a
layer is larger a support structure is required. The use of support structures is for desktop 3d printers very common but
should be prevented in the production of large scale façade elements. It takes extra time to print the support structure
and causes post-processing of the object. Panels for façade cladding are most of the time thin sheets connected to a
back structure. A disadvantage of printing thin panels is the problem of stability while printing in the xz-plane.
Solutions to solve this are in the shape of the model, with a larger base area has the panel less change to topple, an
additional geometry behind the surface, a raft or brim or external temporary fixation. Most of the times it causes extra
material to print the desired shape. With printing in the xy-plane façade panels can be printed thin but with a limited
design freedom compared with printing in the xz-plane.
For the financial feasibility of 3d printing façades the choices of design and material are important. The material price,
the nozzle size, the number of lines in xy-plane and the final design influence the total volume of material used. The
design should be smart enough that it is printable (stability) but also as lightweight as possible. For printing facades for
the Heijmans ONE this results in a square meter price four times higher than the current wooden panels on the ONE.
The concept of a 3d printed façade for the Heijmans ONE is summarized in a SWOT.
Strength
• Mass customization offers consumers the possibility to
design a façade for their own needs and wishes.
• Direct manufacturing from digital design.
• Functions can be integrated in the façade panel

Weakness
• Material does not meet the strength and temperature
requirements to get a certification to meet the building
regulations.
• FDM printing results in weak interlayer bonding.
• Production speed is slow and this results in a high square
meter price.
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• A high quality large scale printer is expensive
• Stability of printing thin panels is a problem.
Threats
• No interest in customizable façade
• People do not want product with the printing lines
visible

Opportunities
• Heijmans is distinctive with new product development and
more interest for the Heijmans ONE building
• Everybody who can digital design can design a façade.
• Other markets, printing of single and double curved panels
• Design patterns can be printed on top of existing panels

RECOMMENDATIONS FOR FURTHER DEVELOPMENT
The first recommendation is the development of the material. A collaboration with a polymer supplier should lead to
a printable material which can resists the temperature requirements from the Building Code. Now the printing material
used in the Kamermaker printer will never be good enough to meet the building requirements and the material is
essential to meet these requirements. While developing this material also the addition of other materials (for desktop
printers blends with wood, copper and bronze are available) would be interesting for more possibilities in designs.
Finally the material should be developed to be bio-based of fully recyclable and reprintable.
During the development of the material the machine with extrusion head should be developed. Between DUS
Architects and the BAAM printer is a five time difference in extrusion rate. For the production of façade panels the
production time is very important and with a higher extrusion rate the production will be faster. Also the BAAM
machine is more accurate, has a heated room and a heated building plate to have a reliable production process of high
quality products.
The façade design contest was a great success but it was limited to a small square tile and contestants had to print the
panels their selves. The use of contest is a good possibility to show what Heijmans is doing with 3d printing, good for
marketing and a great way to gain inside in what people want. If Heijmans wants to continue to develop the 3d printed
façade for the Heijmans ONE a next contest should be with more context. All the boundaries of the Heijmans ONE
should be given and the contest should focus more on designers then 3d print enthusiasts.
The case study for this project was the Heijmans ONE building. The result is that the price of a customizable façade
is four times more than the current building material. More research should be conducted if people are willing to pay
thirty euros each month to have a customizable façade cladding. Maybe the Heijmans ONE is not the best case to test
the feasibility of 3d printed façade panel. In this research already short the market for unique facades is described.
Single and double curved elements are very expensive to produce with other techniques. 3d printing offers the
possibility to create these unique elements with one standardized production technology. The final recommendation
is to look more into unique shaped facades then replace current façade cladding with a customizable variant.
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APPENDIX 1 – 3D PRINTING TECHNOLOGIES
With the development of 3d printing different printing techniques are developed. The basic of a model sliced into
layers and transmitted to the printer is the same. This overview gives the seven categories as stated by ASTM
International, an American standardization organisation (Gao, et al.).

Fig. 9.1.1. 3d print principles (van Wijk & van Wijk, 2015)

Material Extrusion
The technique of mechanically extruding a molten thermoplastic material onto a substrate is developed in 1988 by
Scott Crump, the co-founder of Stratasys Ltd. (Gao, et al.). The method, trademarked as Fused Deposition Modelling
(FDM), consists of a heated nozzle which moves in xy-direction and extrudes a thin layer of thermoplastic polymer.
The polymer hardens immediately. When a layer is completed the platform will be lowered and a new layer is added.
Material with a too big overhang needs support structure. The inexpensive and flexible extrusion systems are popular
with the Do It Yourself and Maker movements. While most extrusion systems use thermoplastic materials, efforts have
been made to processing ceramics, concrete, metal and wood.
Powder Bed Fusion (SLS)
This 3d print technique is based on fusing or hardening of powders with the use of an energy beam. Selective laser
sintering (SLS), direct metal laser sintering (DMLS) and electron beam melting (EBM) are the most popular powder
bed fusion techniques. They were developed in 1995 and made commercially available since 2005 (Gao, et al.). For SLS
a laser is used to solidify a thin layer of powder. The laser heats up the powder locally and melts is onto the previous
layer. After each layer a new thin layer of powder is added and the process is repeated. The unsolidified material will
support the melted material. Extra support structure is not needed. Powdered materials such as polystyrene, ceramics,
glass, nylon, and metals including steel, titanium, aluminium and silver can be used in SLS (van Wijk & van Wijk, 2015).
Vat Photopolymerization (SLA)
This technique is based on layer by layer hardening of liquid photo-curable resins by UV-light. Charles Hull of 3d
systems Corp. developed the first commercial method (SLA) in 1984. SLA, Stereolithography Apparatus: an ultraviolet
(UV) laser is used to solidify a thin layer of photo curable resin. The resin is positioned in a bath with a bed that can
move in de vertical direction. The laser solidifies a thin layer of resin, the platform will be lowered and a new layer of
resin will be cured.
Material Jetting
Like an ink-jet printer material jetting printers deposit was and/or photopolymer droplets onto a substrate. The material
hardens under influence of heat or photo curing.
Binder Jetting
With binder jetting a liquid polymer is deposited onto a bed of powder. When finished with a layer a new thin layer
of powder will be added and the process repeated. The result is a fragile powder bind object. In the post-processing the
object should go into a bath of polymer to bind the whole object together.
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Sheet lamination
Sheets will be trimmed and then bind together. In 1986 Helisys Inc. developed the LOM additive manufacturing
system. LOM, Laminated Object Manufacturing: a laser cuts a shape out of a thin layer of paper, pvc or metal with
glue. The layer is glued to the previous layer and the platform will be lowered and the process will be repeated.
Direct energy deposition
This technique is essentially a three-dimensional welding machine. A wire or powder is melted to form an object layer
by layer using a high energy power source. This 3d printing technique is used for metal objects.
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APPENDIX 2 – OVERVIEW 3D PRINTING IN ARCHITECTURE

Source: ELstudio (2014)
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APPENDIX 3 – STATE-OF-THE-ART FDM PRINTING
The Furoc printer from Dirk vander Kooij (Netherlands)
Dirk van der Kooij is a designer from the Netherlands who turned a robotic arm, recycled, a homemade printer and
an extrusion head into a 3d printing robot (Halterman, 2013). The material he uses is recycled refrigerators, the inner
part is made out of one piece of polystyrene. With his machine it possible to change the amount of material what flows
through the nozzle. As you can see on the two images the thickness of the layers plastic differs. The layered structure
of his prints are a design element of his 3d printed furniture.

Figure 9.3.1 - Dirk vander Kooij printer and printed chairs (dirkvanderkooij.com)

The Galatéa from Drawn (France)
A French start-up prints since 2014 with furniture with a 6-axis robot. The founders Sylvain Charpiot and Samuel
Javelle met at a FabLab in Lyon. From there they created the Galatéa robot (Krassenstein B. , 2015). As material they use
many different shades of ABS plastic. It is similar to Dirk Vander Kooij and the main purpose of the printer is printing
furniture.

Figure 9.3.2 - Galatéa printer (drawn.fr)

Ryan Pennings – Percy stools
Ryan Pennings, a student Industrial Design from Melbourne used a robotic 3D printer, a Kuka KR150 robotic arm
modified with a plastic granule extruder, to print stools0020 (Koslow, 2015). The Kuka robot is able to extrude plasticbased materials at 6kg/h, and can produce single parts up to 3m x 2m x1.5m. The stools are designed with an algorithm
to design a sturdy structure on the outside, and an eye-catching design within. Pennings’ Percy Stools have are 3d
printed in various colours of PLA and weigh approximately 5-6 kg each.
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Figure 9.3.3 - Ryan Pennings - Percy stools

Branch Technology - Cellular Fabrication
The tallest 3d printed object in America is produced by Branch Technology. In the Museum of Design Atlanta Branch
have unveiled a 5,5m tall 3d printed sculpture. This sculpture designed by architect Keith Kaseman is produced with
the Cellular Fabrication technology developed by Branch. The technology is creating a printed structure consisting of
triangle with open spaces. Previous described projects in are single materials printed in layers building up. The approach
of Branch Technology founding father Platt Boyd is to minimize the 3d printing aspect of his technology (MolitchHou, 2015). The open structure is stable in itself and offers the possibility to create complex shapes with relatively a low
amount of material. The shape can be the mould and fibres inside concrete or spray foam insulation. The project is in
collaboration with Kuka Robotics who provided the robotic arm system, the Kuka Agilus, mounted with an extrusion
system able to print walls up to 4’ tall X 4’ wide X 3’ deep in size. A know name, ORNL, provided Branch Technology
with their composite. To make the composite usable for their system they had to bring the composition ratio down
from 20% to 5% carbon fiber and 95% ABS plastic. The next version printer is the Kuka KR 90 on 10 meter long
track to print dimensions of 7,5m wide, 17,5m long to create a building volume of 324 m2.

Figure 9.3.4 - Cellular Fabrication object
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ETH Zurich – Mesh Mould
The ETH Zurich is working on the same principle as Branch Technology by creating with a minimum amount of
material a shape. The ETH Zurich uses this shape to pour concrete in. The current printer extrudes 12mm of ABS
plastic per second.

Figure 9.3.5 - ETH Zurich mesh mould
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APPENDIX 4 – MATERIAL PROPERTIES
Sculpteo

Baam research
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APPENDIX 5 – BUILDING REGULATIONS

This overview shows all the regulations from the BRL 4101 and the ETAG 034. The starting point is the Dutch
Building Decree 2012. On the left it starts with the Building Code section which is applicable on external wall cladding.
The BRL 4101-1 is written from the same point of view. So the next column is the performance requirement for the
corresponding BC section. The third column is the requirement and the fourth column the article from the BRL. The
ETAG 034 has almost the same regulations so the next column is the essential requirement (ER) as written in the
ETAG. This corresponds with the BRL and the chapter of the Building Code. The last two columns are the
requirement and the article from the ETAG.

In the table there are some regulations with overlap and some differences. The general strength has the same
requirements as the safety in use. In ER4 reference is made to national regulations for resistance to seismic actions. For
the Dutch rules there are no regulations. No regulations for outside noise, the cladding system does not protect against
noise.

General strength construction
Section 2.1. Article 2.2, 2.3 and 2.4 member 1a, b, d and 2
• own weight of the cladding: NEN-EN 1991-1-1+ NB;
• the wind load: NEN-EN 1991-1-4+ NB;
• the loads due to temperature differences: NEN-EN 1991-1-5+ NB;
• the loads due to imposed loads (curved shaped cladding): NEN-EN 1991-1-1+ NB;
• impact loads: NEN-EN 1991-1-1+NB.A & NEN-EN 1991-1-1+NB.B

Limitation of the development of fire and smoke
Section 2.9. Article 2.67 and 2.68 member 1-3
• connected with inside air (atrium): class D fire and smoke class s2.
• connected with outside air: class D fire
• connected with outside air, situated between a height of 2,5 - 13m: class D fire
• connected with outside air, with a floor at 5m height: the first 2,5m class B fire
• connected with outside air, situated at a height of 13m: class B fire
For the first 2,5 meter of the building a material with class D fire rate is required. This to prevent that a building can
be set on fire. To prevent the building to burn down to fast the minimal requirement of the façade is class B fire.
For the cladding which will be developed with class D fire, should meet the following requirements:
(http://www.brandveiligmetstaal.nl/pag/397/europese_brandklassen.html):
• NEN-EN-13823 (SBI); Fire Growth Rate < 750 W/s
• NEN-EN-ISO 11925-22; Flame Spread < 150 mm van 30–60 s (exposure: 30 seconds)
For the cladding which will be developed with class B fire, should meet the following requirements:
(http://www.brandveiligmetstaal.nl/pag/397/europese_brandklassen.html):
• NEN-EN-13823 (SBI); Fire Growth Rate < 120 W/s
• NEN-EN-13823 (SBI); Total Heat Release < 7,5 MJ
• NEN-EN-ISO 11925-22; Flame Spread < 150 mm van 30–60 s (exposure: 30 seconds)
The Single Burning Item (SBI) test is developed by the European Committee for Standardization

Prevention of moisture
Section 3.5. Article 2.31 member 1,2, and 3
• An outside partition wall is determined according to NEN 2778 waterproof. Drywall systems consist of a
watertight foil and so in the most cases facades consisting of plates are not tested (Hendriks).

The principles of pressure equalization
The most important principle of a façade is the pressure equalization. When rain hits the façade the outside material
will prevent water to get in the building but still with an outside layer there are ways for water to penetrate the wall,
these are:

89

•
•
•
•

Gravity force: In vertical joint gaps water will penetrate on the vertical plane in the wall. With horizontal joint
gaps water will flow from the wall surface into the gap in the wall.
Capillary action: Water will flow up in gaps with a size between 0.01 – 0.5 mm.
Kinetic energy: Driving rain drops have kinetic energy in horizontal direction. Water can then penetrate
horizontal joint gaps because of the kinetic energy in the drops.
Pressure difference: The most important cause of water penetration in open joint gaps is the pressure difference
between outside (high pressure) and inside (low pressure). It depends of the size of the gap what happens under
de influence of a difference in pressure. During rain a thin layer of water will occur on the outer face. For small
gaps water get pressed into the wall because of the pressure difference, this can become a continues flow of water
penetrating the wall. A closed layer of water on the surface won’t occur for bigger gaps but an airflow through
the gab will transport water what is on the edges of the gab inside the wall.

Limitation of harmful substances and ionizing radiation
Section 3.9. Article 3.63
• The presence of harmful substances and ionizing radiation is limited.

Protection against rats and mice
Section 3.10. Article 3.69
•
To prevent animals to nest in the cavity the openings of the outer wall are maximum 0,01m (10mm).

Other requirements
Stiffness / deflection
For perspective of aesthetics, the degree of deflection is important. Specific demands are set for the maximum allowable
deflection of the cladding under the influence of wind and temperature loads.
• the wind loads: NEN-EN 1991-1-4+ NB;
• the loads due to temperature differences: NEN-EN 1991-1-5+ NB;
The material properties are determined with the four point bend test. The test specimen has a width B of 100 –
150mm.

Resistance to external shocks (optional)
The cladding should be resistance against impact loads of at least 0,5kNm, determined according to NEN-EN 19911-1 and NEN-EN 1991-1-7+NB.
The cladding cannot be punctured or swept away. Other damages like dents and cracks are allowed.
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Environmental profile of the panels (optional)
The environmental profile and the environmental sizes must be recorded in the life-cycle analysis (LCA) of the product,
as developed by ‘Centrum voor Milieukunde van Rijksuniversiteit Leiden’.
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APPENDIX 6 – CONTEST RESULTS
Twitter overview
Impressions (IMP) is the times people saw the tweet on twitter. Engagements (ENG) is the times people interacted
(click link, enlarge image, retweet, favourite) with the tweet. Retweets (RT) is the times people retweeted this tweet.
Favourites (FAV) is the times people favorited this tweet.
date
3-sep

4-sep

13-sep

15-sep
17-sep
30-sep
19-okt

19-okt

tweet
Contest: #3DPrint the facade of the future. Share your design and
win! http://heijmans.nl/en/news/3dprintfacade-design-3d-printwin/ … #3Dprintfacade
How would you design a 3D printed facade? Share your ideas, join
the contest: http://heijmans.nl/en/news/3dprintfacade-design-3dprint-win/ … #3DPrintFacade
Design Your Best in Heijmans’ 3D Printed Wall Cladding Contest
http://www.fabbaloo.com/blog/2015/9/6/design-your-best-inheijmans-3d-printed-wall-cladding-contest …
A lot of interest for the first #3DPrintFacade entries! ;)
http://www.3dprintfacade.com
Only two weeks left to design and #3Dprint the wall cladding of the
future! http://www.3dprintfacade.com/ #3Dprintfacade
Last day to design, #3dprint and submit your wall cladding of the
future! http://www.3dprintfacade.com/contest/ #3dprintfacade
And the winner of #3DPrintFacade is: ‘CANALWALL’.
Congratulations! Check the jury report on
http://www.3dprintfacade.com/winners/
And the public winner of #3DPrintFacade is: ‘CORALLO’ by Helder
Santos. Congratulations! http://www.3dprintfacade.com/winners/

IMP
9558

ENG
236

RT
38

FAV
15

6789

732

28

14

4379

31

3

0

6334

193

18

14

6221
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8

4451

110

15
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?

?

10

10

?

?

4

4

Facebook overview
Like is the times people liked the Facebook post. Comments (COM) is the times people comment on the post. Share
is the times people shared the post with their own friend and family.
date

post

LIKE

COM

SHARE

4-sep

Imagine you can design your own 3D printed wall cladding? What would this look like?
Heijmans and DUS architects are looking for innovators that can design and 3D print
the 3D printed wall cladding of the future. Join the contest and win your designed
facade element in a size of one by one meter!
Wat een fantastische designs hebben we de afgelopen weken mogen ontvangen voor de
#3DPrintFacade contest! Maar liefst 49 tegels uit 12 verschillende landen en bijna 7.000
bezoekers op de website in 6 weken tijd. Maar het is gelukt, de jury heeft een winnaar
gekozen. Namelijk ‘CanalWall’ van Henry den Ouden. De juryprijs (met maar liefst
205 stemmen) gaat naar Helder Santos met ‘Corallo’. Lees het volledige juryverslag op
http://www.3dprintfacade.com/winners/
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Website overview
The total number of impressions:
• Sessions total (1 sept – 19 okt): 7716 (4873 unique visitors)
• Sessions submission period (1 sept – 4 okt): 3660 (2350 unique)
• Sessions voting period (5 okt – 19 okt): 4056 (2676 unique)

Submission period

Voting period

Impression of social media posts
3DPrint.com, Heijmans.nl, Twitter: Filemon Schoffer, Facebook: Cursor TU/e, Twitter: Formide
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Design submissions

95

96

97

98

