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1 (Olivier Pierre Delarue - UNHCR, IKEA flatpack shelter project, 2013) 3



1. ABSTRACT1. ABSTRACT

4



1. ABSTRACT

The goal of this research is to investigate whether additive manufacturing techniques can improve the way 

progressive sheltering is built in disaster struck areas. The research is twofold since it searches for ways to apply 

additive manufacturing in housing in general and how the freedom of diversity, uniqueness and variety can be 

used to adapt housing to local hazards and climate conditions. Based on the three major climate types and most 

destructive disasters, three designs were made to explore the possibilities of additive manufacturing on building 

scale.

Regarding the overall process, costs can be reduced by making containers equipped with the necessary items, 

including an additive manufacturing machine, which overcomes the problem of preproduction, storage and 

transportation of shelter packages. This indicates the second advantage of being able to construct on site with 

local materials, e.g. by using the D-Shape printer (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014). This 

allows for site specific designs that are adapted to local hazards, climate and cultural preferences. By including 

the locals in the production process  and facilitating and allowing them to customize their new homes, they are 

psychologically more empowered (Jha & Duyne, 2010) compared to traditional reconstruction methods.

The downsides however, are the inability of current large-scale printers to print multiple materials. This leads to 

building components that aren’t isolated and the inability to print certain components like doors and windows. Also 

the largest usable printer has a footprint of six by six meters (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 

2014), which leads to awkward floor plans due to the narrow width and length.

Additive manufacturing can improve the reconstruction process and the way we built progressive housing but 

merely as a component of a larger picture. By overcoming the problem of preproduction, which leads to one-

size-fits-all designs, the cost and design of housing can be improved. Future developments in the field of additive 

manufacturing machinery can only contribute to the benefits already present by allowing for more speed, a larger 

footprint and support for multiple materials.
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The theme of the graduation project is Digital Architecture. This means that the project differs greatly from traditional 

Architecture because this theme focuses more on the combination of modern techniques and Architecture than 

on the Architecture itself. How can modern techniques improve Architecture and the built environment? How can 

new technologies be implemented in and contribute to building construction processes? 

The purpose of this theme is to explore how modern techniques can improve the way people think and work in 

the field of Architecture and eventually improve the way the urban landscape is designed, used and built. Some of 

the aforementioned modern technological techniques and advances are: additive manufacturing, programming, 

generative design, theoretical concepts like gamification etc. 

3.2 PROBLEM STATEMENT

Problem

Due to the technical developments over the last decades, we no longer live on a regional scale, but rather on a 

global scale. Airplanes are used to travel across the world for business meetings and the internet allows us to 

communicate instantly with people across the world. These modern techniques allow us to communicate and 

share information globally and keep track of events that happen across the world like celebrations, events or 

disasters. 

By using modern technologies to exchange information globally, people also get more involved in global affairs. 

When disasters like tsunamis, wars or other disasters occur, they will be globally broadcasted in the media. The 

Haiti tsunami, Syrian civil war and the current Russian Ukrainian developments have been daily topics on every 

news channel, -paper or -blog at the time of occurrence. And social media even further accelerates the spread 

of information. 

As stated above, the access to global information and the possibility of global travel and transportation of goods 

3.1 THEME
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has led to an increasing feeling of involvement with the rest of the world. Money is collected to help those involved 

in disasters. However, even though these efforts are very generous, it is unclear whether the practices that should 

actually aid in the reconstruction of communities and areas are performed effectively. In most articles, papers and 

books about the topic of disaster area reconstruction, the reconstruction of political and economic infrastructures 

seems to be the focus of local governments where international aid mainly focuses on regional or communal 

scale (Hein, Diefendorf, & Ishida, 2003; see also Jha & Duyne, 2010 & Gupta & Gahalaut, 2013).  

Initial aid for local communities is mainly focused on providing basic needs like basic shelter and food. But most 

of these effort do not have a follow-up. At the time of writing, nearly 10 years after the Haiti tsunami, between 

100.000 out of the initially 1.500.000 affected people still live in tents (“Nearly 4 years after quake, Haitians still in 

tents,” 2013) (“IOM-PortauPrince-Haiti,” 2014). 

To illustrate the shortcomings of the first world aid: according to the International Organization for Migration, 

about 172,000 people still live sprawled across 300 camps in Haiti at the time of writing (“UN Backs Lifesaving 

IOM Water, Sanitation, Hygiene Projects in Haiti as Rains Begin | International Organization for Migration,” n.d.). 

This indicates that the initial response to these kinds of calamities may be sufficient, but there are hardly any 

long term developments. This is worrisome, since underdeveloped communities tend to generate poverty and 

criminal behaviour, which is not beneficial to the quality of life for those living in these communities. Also regarding 

the interest in political and economic infrastructure reconstruction, which is built for and by the people in these 

communities, the regional developments are critical. 

Due to the peak of media attention spent on disasters, the financial aid peaks as well. This is a problem since 

the financial aid is mostly spend on short term facilities, and Therefore the long-term recovery of these areas and 

communities is difficult. To provide for a long term recovery, the initial aid and facilities should be more durable 

and provide for a solid base for the local people to rebuild their lives, communities and national infrastructures.
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What it boils down to, is that the current sheltering solutions are not durable or cost-ineffective. Most shelters 

that are provided are tent like structures that last from half a year, up to two years. However, the disaster areas 

have not recovered enough in this time span to allow for a transition into more durable housing which leaves the 

affected locals in the same situation that they started with. More durable housing attempts have mostly been too 

expensive to be effective as well.

Eelco Brouwers once drew a diagram of the ideal situation of reconstruction after a disaster. It indicates that a drop 

in development occurs after a disaster and that the recovery efforts should bring back the level of development 

before the disaster.

However, as the case is now, is that the level of development before the disaster is not met for a long time after 

the disaster. The level of development is Therefore lower than before the disaster for a long time.

In a perfect world, the level of development after the international aid is higher than it was before the disaster. So 

that other occurrences of the same disaster or other events do not have an equal impact on the area.
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Cause

Most shelters are tent like structures, because the cost of materials and shipping are low. However, because 

these shelters are produced before-hand, the design is mostly a one-size-fits-all design, which perform less than 

specialized designs. Therefore, shelters are not optimal for the conditions of the affected area, which negatively 

affects the life span and durability of these shelters.

Other, more durable shelters, have been mostly too expensive to be effective. Also because most materials are 

manufactured abroad, in first world countries where labour is expensive, the cost of production is high. Also the 

shipping of durable, mostly heavier, materials is expensive.

Another problem is that locals are not involved in the reconstruction process. The involvement of local people 

in the reconstruction process is crucial for a successful recovery (Jha & Duyne, 2010; see also Sphere Project., 

2011 & Corsellis, Vitale, Oxfam GB., University of Cambridge., & Shelterproject., 2005). The current process 

consists of a third party doing all the work for the locals. When the locals are involved, they feel more empowered 

and eager to contribute to the reconstruction process.

The final problem is that current sheltering or housing solutions are not adapted to the local climate or disaster 

hazards. A one-size-fits-all solution is mostly strived for due to the requirement of preproduction and timely 

delivery. 
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Solution

A solution to the problem of low durability caused by cheap materials and shipping is to construct the shelters 

on site with local materials. A machine that can use local materials in-situ would overcome the need for external 

materials, production and shipping which results in a reduced price of shelters.

A way to deal with lack of local expertise and means is to deploy a reusable package that can manufacture 

different kinds of designs with local materials and expertise. This solves the third problem, namely that the local 

people are not involved in the reconstruction process. If the process of constructing a house involves simple and 

easy to learn tasks, the local community can help with the construction.

Finally, the design of the housing that will be constructed should be adapted to the local climate and disaster 

hazard. 

Implementation

A solution for these issues would be a large scale additive manufacturing machine. This implementation solves 

all major problems. It is deployable anywhere given that the base material is a material that is globally accessible 

and cheap. It can use the local labour force to finalize the constructed structures and an additive manufacturing 

machine can construct unique, complex and variable design at no added cost.

3.3 RESEARCH QUESTIONS

In the introduction is stated that the aid in disaster struck areas is mainly focused on providing immediate short 

term provisions like basic shelter and food. Long term reconstructions are mainly focused on political and 

economic infrastructures and hardly at the improvement of life of the local population. This design research is 

focused on transforming the short term temporary aid into progressive aid with the use of modern manufacturing 
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technologies like additive manufacturing. With that goal in mind, the following research question can be posed: 

How can the use of additive manufacturing in the construction of progressive housing contribute to 
the reconstruction process in disaster struck areas?

Sub research questions 

In order to keep a clear structure and to narrow the scope of this research, three areas are distinguished: technical, 

humanitarian and Architecture. These fields of research have their own research questions that are focused on 

the influence of these topics on the final design. 

Technical sub-questions 

Although a lot of research has been done to AM, a limited amount is research regarding the use of AM in the field 

of building construction. 

In what way can additive manufacturing improve the design and the way we built progressive 
housing in disasters struck areas?

One of the expected improvements of using additive manufacturing in reconstruction is that it saves time. This 

is a relative term as it will never be faster than deploying a camp of tents, but compared to other durable ways 

of construction, additive manufacturing promises time savings, which is very suitable for a disaster area where 

shelter is scarce. 

Traditional emergency shelters mostly provide just shelter. One major advantage of using additive manufacturing 

is that unique shapes are free. Where traditional production methods like moulding, casting and extrusion methods 

are mostly made for mass manufacturing, a additive manufacturing machine can make thousands of unique 

items for the same price as thousands of items with the exact same shape. Also, printing complex shapes is far 

cheaper than traditional methods. The above two properties of additive manufacturing allow for new designs that 
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also address other basic needs than just shelter. For example making the shape of the building so that it collects 

water, or holds heat more efficiently during the night are features that can make a big difference in disaster areas. 

Can local debris and construction waste be re-used to 3D print new houses (other materials)?

Disasters can be destructive. According to UN statistics, around 100.000 Haitians still live in camps (“UN Backs 

Lifesaving IOM Water, Sanitation, Hygiene Projects in Haiti as Rains Begin | International Organization for 

Migration,” n.d.). This indicates that a lot of households have been destroyed. Even in developed countries, 

where buildings are made with structurally strong materials like concrete, buildings can be destroyed. In Homms, 

the capitol of Syria, traces of the civil war are not subtle. A lot of buildings have been destroyed by bombings, fire 

or shootings. In all disaster areas, a lot of debris is present. Traditionally, this debris is either disposed or used 

in large civil infra-structural projects. Re-using this debris as base material for additive manufacturing machines 

would greatly decrease the ecological impact. 

What difficulties do you face when printing in a single material and how do you overcome these 
difficulties?

Most printers only print in one material, especially printers at the scale of buildings. Some of the problems you 

face when designing a building in a single material are how you deal with doors and windows, or isolation in 

buildings components.

Humanitarian sub-questions 

Although this design research is mainly focused on the use of new technologies in order to achieve a more 

durable disaster reconstruction process, the social factor is, according to literature (Jha & Duyne, 2010; see also 

Sphere Project., 2011 & Corsellis, Vitale, Oxfam GB., University of Cambridge., & Shelterproject., 2005), very 

important. Especially when building in areas where peoples psyches are fragile. 
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How to take the local cultural preferences into consideration for the design?

Aid is mostly provided by an international agencies and governments. The aid they will offer is based on their 

culture and perception of the world, which is not per se the same as the people in the affected area. This creates 

an undesirable situation where two cultures will clash and the new inhabitants will not get a sense of ownership 

or satisfaction. Many sources of literature that treats the topic of post disaster reconstruction advocates for 

interaction of local communities, small scale reconstruction processes and the importance of local cultural 

preferences (“Haiti,” n.d. & Anderlini & El-Bushra, 2004 & Jha & Duyne, 2010 & Sphere Project., 2011 & Corsellis, 

Vitale, Oxfam GB., University of Cambridge., & Shelterproject., 2005). 

Architectural sub-questions 

What are the requirements regarding progressive housing?

Requirements regarding progressive shelter housing is very different from traditional housing requirements. The 

very nature of progressive asks for additional requirements with regard to traditional housing. Also the situation 

of the people in the area is different since they are likely homeless so the need for shelter is urgent but less 

demanding.

What are the climate based requirements, and how is additive manufacturing beneficial?

As the additive manufacturing machine is to be deployed anywhere across the world, what are the requirements 

for a building regarding different climates? Some locations require additional ventilation where other climates 

require thermal capacity to adapt to the thermal fluctuation between night and day.

What are the disaster based requirements, and how is additive manufacturing beneficial?

Similar to climates, there are also some disaster specific requirements that make buildings more resistant to 
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the specific disaster. Earthquakes for example require measures to make the building more resistant to forces 

caused by quick alternating horizontal movement of the supporting ground where tsunami and flood sensitive 

areas ask for measures like flood rooms and hydro dynamic shapes.

3.4 GOAL

The goal of using additive manufacturing in the construction of production of progressive shelters is to eventually 

speed up the way shelter aid is provided by both using faster and more accurate machinery as well as using 

machinery that is flexible in production so that they can be deployed anywhere where aid is needed. For example, 

one machine can produce shelters for one to six people, or housing specific for a certain climate or disaster type.

Another goal of using additive manufacturing is to make shelters more durable as more durable materials can be 

used. The design can also help address basic needs during the time that local infrastructures are unusable, for 

example sanitation systems or water collection systems. 

Finally, the shelters as proposed in this research should be expandable and upgradable, hence the term 

progressive. Inhabitants can, for example, increase the amount of rooms, insert thermal materials in carefully 

spared holes in walls to increase the insulation value of the wall, or insert durable windows or doors. 

3.5 SOCIAL AND SCIENTIFIC RELEVANCE

Social relevance

The social relevance of this research is that it aims to improve the way aid is provided in disaster areas and more 

specific to the people in those areas. If the people in a community are powerless and unable to develop their 

personal lives and professional endeavors, the whole development in the area will lack progress.
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As stated in the introduction, a lot of efforts from local governments are focused on the reconstruction of the 

economic and political infrastructures, where aid for the people is mostly limited to deploying tent camps and 

basic provisions like clean water and basic food items. As these tents only have a short life-span, half a year 

up to two years, the long term developments are hardly there since constructing durable housing is expensive, 

especially if a large percentage of the population is affected. Therefore, providing a basic, durable house at low 

cost and high speed would give the population the opportunity to rebuild the community from the bottom up as 

the government works to rebuild the community from the top down.

Scientific relevance

This project aims to improve the way aid is provided in disaster areas using additive manufacturing with the 

promise of faster construction time, use of cheap, local materials and more durable structures. By using additive 

manufacturing, a very different manufacturing technique than traditional methods, questions and problems arise. 

Can you make everything, like doors and windows? How do you construct a wall or design joints? How do you 

deal with the monolithic nature of additive manufacturing techniques? These are questions that contribute to the 

knowledge producing buildings using additive manufacturing.
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This research resides on the border between Architecture and the modern manufacturing technique, additive 

manufacturing. The objective of combining these fields is to investigate whether the combination is feasible and 

how these fields can benefit from each other.

4.2 METHOD

This research is conducted through design case studies based on a literature review of current state of the 

art technologies and advancements in the respective fields: additive manufacturing, sheltering and disaster 

(reconstruction processes). Since the goal is to investigate whether the use of additive manufacturing can 

contribute to the reconstruction process and the construction of progressive housing, three designs were made 

for the three most destructive disaster types and most worrisome climate types. During the design, notable 

limitations and opportunities of the process, machinery and design have been documented. Finally, an analysis 

is made and conclusions were drawn.

4.3 STATE OF THE ART

Additive Manufacturing

There are a lot of different materials that can be 3D printed nowadays. A quick look at the materials that Shapeways 

offers show us that a variety of materials is already available to the customer. In professional manufacturing, 

these are some of the available materials: plastics, metals, concrete and even sandstone. 

The most interesting materials are structurally sound materials, preferably stone like materials that can easily be 

used in buildings ranging from one to three stories in height.

4.1 RESEARCH THEME
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The following companies have experimented with printing in stone like materials:

Enrico Dino / D-Shape

“Enrico Dini is a robotics expert. He is also a self-styled ‘stone alchemist’: able to mimic the process of how rock forms under 

the seabed. Combining these two skills, he has developed a groundbreaking new construction technique based on the 

principle of 3D-printing. Enrico’s dream is to one day see houses of any shape and size printed robotically in solid stone” (The 

Man Who Prints Houses: a Documentary about Enrico Dini, 2012)

Enrico Dini is one of the first experts that succeeded in printing stone like materials. His D-Shape method is a 6 

by 6 by 6 meter 3D printer based on a stereo-lithography 3D printing process where an inorganic binder is used 

to “fuse“ all sorts of sand together into marble-like like structures.

Solar Sinter

The solar sinter (Kayser, 2011) is a project of Markus Kayser, a German scientist. The Solar Sinter originates from 

a solar cutter, also a project by Kayser. Similar to Enrico Dini, the solar sinters base material is sand. But instead 

of gluing the sand together with a binder, the solar “sints“ (melts) the sand together. The project has been tested 

Enrico Dini using the D-Shape printer

24



in the Sahara, and is, apart from the hardware, self sufficient. There is no external power or material required.

           

Contour Crafting

The third company, which also is the name for their method, that develops in 3D printing with stone like materials 

is Contour Crafting (Khoshnevis & Bekey, 2003 & Khoshnevis et al., 2005 & “Technical Resources | Contour 

Crafting,” n.d.). Contour Crafting developed a 3D printer that can print a specially developed concrete for this 

purpose.

Contour crafting also developed a printer that can print walls by combining three nozzles of which two form 

the outer planes and the motion of the third one alternates between these outer planes. CC wants to use this 

technique to print houses within 24 hours, however it is still in the concept and development phase.

One of the main advantages of the machine and process of Contour Crafting is that the finish of the final product 

is very smooth. Most other alternatives need additional sanding because the surface is rough due to the lack of 

accuracy. But the technique of Contour Crafting allows for very smooth surfaces.

Markus Kayser operting the solar sinter
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WinSun

The final company that is addressed is WinSun (“3D打印--盈,” 2014. & Wang, 2014), a Chinese firm specialized 

in processes and materials in the field of construction. 

The reason for mentioning this company is, although they lack scientific research or documentation, that they 

actually built houses in 24 hours by using 3D printing, additionally, they did it by using construction waste and 

debris. 

Contour Crafting concept image

WinSun company assembling 3D printed parts
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Sheltering

In the aftermath of a disaster, there are two things that people need to survive: food and shelter. No matter the 

personal grief of the affected people through material or emotional losses, people will do anything to meet these 

needs with whatever means. 

International agencies like the International Federation of Red Cross and Red Crescent Societies (“IFRC.org 

- IFRC,” n.d.) aim to provide food and shelter in disaster struck areas as soon as possible. There are a few 

requirements to a shelter solution in the current process: it must be able to be mass produced, it must be 

cheap and it must be small for storage and transport when disassembled. Because most shelters are produced 

beforehand to be able to quickly deployed in emergency situations, the design of the shelter is mostly a one-size-

fits-all with a limited durability of half a year up to three years.

The International Federation of Red Cross and Red Crescent Societies published a report of an internal evaluation 

of eight transitional shelter projects (Disaster Risk Reduction Program, Florida International University, 2012) to 

which two other projects are added in this research: the shelter concept of concrete canvas (“What is it?,” n.d.) 

and the IKEA flatpack shelter (Zimmer, 2013). 

IKEA flatpack shelter

The IKEA flatpack shelter is a humanitarian project of the Swedish Furniture Company. The shelter is an advanced 

tent like structure hold together by hollow tubes. However, the flatpack shelter resembles a house more than a 

tent and utilises space more efficient than a basic double sloped tent. Also, the flatpack shelter is equipped with 

a mesh on top of the roof to reduce the heat inside the shelter. 

Another interesting design feature is that the shelter comes in an IKEA fashioned flat box, hence the name 

flatpack shelter, that is easy to transport and assemble.

27



Concrete canvas shelter

Concrete canvas is a system that revolves around flexible concrete mats that can be unrolled and moulded in any 

shape which are hardened by spraying water on them. One application of concrete canvas is shelters or quickly 

deployable ‘housing’. The structures are very strong compared to other shelters extremely durable, however, this 

durability also comes with a hefty price tag of $20.000 per unit.

Eight transitional Shelters

The International Federation of Red Cross and Red Crescent Societies analysed eight transitional shetler designs 

that were built in respectable numbers. The lifespan of these shelters ranges from half a year up to five years. On 

the next pages, the performance of the ten aforementioned shelters are set out together with a scatter diagram.

IKEA flatpack shelter

Concrete Canvas shelter
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A spread diagram of the analysed shelters. Orange are shelters that perform poorly compared to the blue ones in terms of cost/lifetime ratio. 

The size of the dots represents the capacity of the shelter. The picture shows that most shelters are made as a cheap temporary solution.
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A disaster is a large accident where a large number of people are affected. A definition of disaster as described 

in the oxford dictionary: 

“A sudden accident or a natural catastrophe that causes great damage or loss of life”

The definition describes both natural and man-made ‘accidents’. Some examples of natural disasters are: volcano 

eruptions, earthquakes, tsunamis, floods, etc. Some examples of man-made accidents of disasters are: wars, 

large infrastructural accidents, or accelerations of natural disasters due to mad-made structures. There have also 

been cases where a natural disaster triggers a man-made disaster to happen, such a case was the tsunami that 

caused two nuclear reactors meltdowns in Japan in 2011 (Suzuki & Kaneko, 2013). The environmental, economic 

and infrastructural damage of the meltdown was massive, and the casualties of the tsunami and meltdown 

combined boiled down to 18000 (Suzuki & Kaneko, 2013). 

Preventing disasters is something mankind cannot do. In the most favourable scenario, we can limit the way we 

negatively affect our surroundings. Due to our explosive growth and scientific and technological advancements, 

we have an increasing impact and footprint on the way we use the reserves on our planet and the impact a disaster 

5.1 DISASTERS
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has on our society. Even ecological ways of generating fuel can have dramatic effects on the direct environment 

as the Sichuan earthquake of 2008 illustrates. Scientific research assigns the cause of the earthquake to a man-

made lake on top of a geological fault. The pressure of the lake on the fault accelerated the earthquake by a few 

hundred years. This illustrates how man-made structures can accelerate the occurrence of a natural event.

This man-made disaster illustrates the way nature is a system in balance in which our increasing sized projects 

can affect this balance or accelerate certain natural processes. 

Disaster occurrence

The occurrence of different disaster types varies much. But also the different disasters differ in means of 

destructiveness and casualty count. The left graph shows the occurrence of the most common disasters in the 

period of 1991 to 2005. Flood and storms occur most often. 

          
Data and original graphs by: (Department for International Development, 2010)

34



Disaster destructiveness

However, when looking at the amount of casualties and destructiveness of the different types of disasters, the 

graph looks totally different. Where earthquakes only take into account 4% of the total amount of occurrences, 

they contribute more to damage and casualties than storms and floods combined. Earthquakes, floods and 

storms together contribute to more than 75% of the total damage and casualties. 

With regard to shelter construction in this research, the focus disasters are: earthquakes, storms and floods, 

as these account for over 75% of the casualties and damage. Also, certain design implementations can reduce 

the amount of damage these disasters have on the printed structures where damage by disasters like volcano 

eruptions or wars are impossible to prevent through design implementations.

Disaster reconstruction phase

Unfortunately, disasters always strike, sooner or later (Jha & Duyne, 2010). At least in the world we live in, where 

the dollar bill is the most important factor in decision making (Jha & Duyne, 2010). And in that world, taking 

precautions to prevent disasters from happening is simply too expensive. 

Even natural disasters are sometimes caused by humans, for example in the case of the Sichuan earthquake in 

2008, which reportedly was caused by a man-made lake. A dam caused water to accumulate in the lake, which 

was situated on top of the edge of two tectonic plate. At these edges, where forces causes tension to build up, big 

amounts of energy in the form of movement are released when this tension gets too high. Scientist believe that 

the water accumulated by the dam accelerated the earthquake by a few hundred years (Ebert, 2012).

Our technological developments and achievements have outgrown the human scale and developed towards a 

planetary scale. And with problems caused by planetary scale technology come planetary scale disasters (Ebert, 

2012).
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With the knowledge of knowing that disaster always happens, no matter the precautions, and the fact that 

people can have influence on a global scale, preparations can be taken. 

“On average, a disaster occurs somewhere in the world each day. It may be a flood, hurricane, or earthquake, a 

nuclear, industrial, or transportation accident, a shooting spree, or peacetime terrorist attack”(17)

This chapter focuses on the most common forms of reconstruction approaches and will set out the 

advantages and disadvantages of these approaches versus the recommendations of the book: “Safer 

Homes, Safer Communities” (Jha & Duyne, 2010) as main reference. This book is the product of the 

staff of the International Bank of Reconstruction and Development / World Bank (International Bank for 

Reconstruction and Development, n.d.). The five most common reconstruction approaches are: 

Cash Approach C.A.

The cash approach is the most basic means of reconstruction approach. This approach is based on the fact 

that only unconditional financial aid is given, without any form of technical support. This approach allows 

the affected people to determine how they use the financial aid. They have the possibility to spend the 

money on other means than reconstruction, for example, to move out of the area, if that is what they think 

is the best solution for their specific situation. CA is best suited for disasters with limited impact where the 

damage is not caused by shortcomings in local construction practices. 

Owner Driven Reconstruction O.D.R.

ODR is the same as the Cash Approach, but additional regulations and technical support aimed at buildings 

being built back better.

“ODR is the most empowering and dignified approach for households, and it should be used whenever the conditions 

are right for it. The approach is viable for both house and apartment owners, as well as for informal settlers, once their 

tenure is secured.” (Jha & Duyne, 2010)
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Community Driven Reconstruction C.D.R.

CDR involves the community in the reconstruction process in order to give the people more feeling of involvement 

and ownership after the process is complete. The community is working together with some sort of agency, the 

relation between the community and the agency may differ per project. 

Agency Driven Reconstruction In-Situ A.G.D.I.S.

In ADRIS, some governmental or nongovernmental agency hires contractors to manage and operate the 

reconstruction process. Materials and expertise mostly come from external parties. House owners are able to 

influence parts of the reconstruction process or design, however, the contractor is still responsible towards the 

agency. Due to mass production, fitting the housing to the existing plots, the outcome of ADRIS is often worse 

than ADRRS. 

Agency Driven Reconstruction Relocated Site A.D.R.R.S.

ADRRS is the same as ADRIS, however, the location of the new housing is not on the original sites but on a 

different location. In short: the same amount of houses as demolished houses are built on an external location.  

“Upon completion, the houses may be allotted through a lottery or using criteria defined by the community or the agency, or 

both. ADRRS, often justified as a risk mitigation measure, may be advisable when communities are being relocated.” (Jha 

& Duyne, 2010)

World Bank recommendation

The choice between these approaches is subject to a variety of factors. Some of these factors are: costs, 

improvement of housing, restoration of livelihoods, political milieu, cultural context and people’s goals. 

“It is better to have 100,000 people each concerned about one house than to have 100 people concerned about 100.000 

houses.” (George Soraya. Lead Urban Specialist. World Bank)
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All these approaches differ in the way households have control over the reconstruction process of their homes. 

The World Bank strongly advocates for ODR since it is the most dignified, empowering and sustainable way 

of reconstruction. Furthermore, ODR is the most cost-effective way of reconstruction versus the quality of 

reconstruction and psychological advantages of this method.

Implementation

The proposed process of a housing construction starts with CDR, where agencies deploy and operate the AM 

machines, and after the basic structure has been completed, the inhabitants are responsible for the structure 

and can expand it as they like, which is an ODR phase. This also means that only financial support for the basic 

structure is given, with added budgets for placing of doors and windows if available or necessary. 
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Additive manufacturing (AM) is often referred to as the “new industrial revolution of the modern age”. The impact 

of additive manufacturing can be compared to other inventions like the steam engine, electricity or a more recent 

one: the internet. Loads of people and companies think additive manufacturing techniques will have a massive 

impact on the way we produce all sorts of things, ranging from simple objects like tea cups, bikes or even whole 

buildings. Additive manufacturing is already commonly used in several professional environments like design, 

machinery or aeronautical like NASA (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014). At the time of 

writing, the first 3D printer just arrived at the international space station. This chapter describes the different AM 

techniques bases off the handbook: “3D printing guide“ (Castro, 2014).

How does AM work?

But what exactly is AM? The title explains part of the story, namely that AM is based on adding materials instead 

of subtracting or reforming them. An analogy that is often made regarding AM is 3D printing. To explain how AM 

works, it can be compared to 2D printing, the kind anyone can do at home given a normal printer and some paper. 

The printer prints ink on a piece of paper in the x and y axis which is recognizable to us as human beings in the 

form of text or images. AM or 3D printing is basically same as 2D printing only that an extra dimension is added: 

the z axis. 

Where the starting point for each normal printer is a text and image based file, the starting point for a 3D printer 

is a 3D model. A computer slices this 3D model into virtual layers, which can then be passed to the 3D printer 

each time a new layer has to be printed. Instead of printing on paper however, a 3D printer can now print different 

materials like ceramics, metals, plastics or even food. The used material mainly determines the used technique 

that is used. It is important to understand that there is no one size fits all solution for each material.

Additive Manufacturing Techniques

There are many different additive manufacturing techniques of which most of them are based on the material they 

5.2 ADDITIVE MANUFACTURING
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can manufacture with. In this part, several AM techniques are discussed as well as the history of AM.

Stereolitography

Stereolitography (STL) is commonly recognized as the first 3D printing process. In 1980, Dr Okama from Japan 

issued the first patent for AM, however, it was issued too late making the patent obsolete. In 1986, Charles Hull 

filed the first official patent for the STL machine. 

Originally STL is a laser based process that works with photopolymer resins. The laser solidifies the polymer 

in a layer based fashion to create high accuracy parts. The laser is directed in the x and y axis and the 

platform with the solid model moves in the z axis. As the polymer itself is not strong enough to support the 

structure, the system requires support parts during the process. This accounts for some waste material.

Stereolithography scheme. Original image: (Castro, 2014)

DLP scheme. Original image: (Castro, 2014)
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DLP

Digital Light Processing (DLP) is similar to STL as the base material is a photopolymer, except that DLP uses a 

more conventional light source which is directed through a lens to increase the power. 

Laser Sintering / Laser Melting

Laser sintering and laser melting are two ways of describing the same process. A laser sinters or melts a powder 

DLP scheme. Original image: (Castro, 2014)
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in a selective manner to print each layer. The powder solidifies when cooled down. With each layer, the platform 

drops and a new layer is added or the machine adds a layer of powder on top of the last layer and the laser moves 

in the z-axis. The chamber has to be sealed in order to keep a stable temperature. 

A major advantage of this method, in contrast to using photopolymer gels or fluids, is that the powder serves as 

support structure for overhanging parts. After the process is complete, the powder has to be extracted from the 

model.

This method supports multiple materials types like plastics and even metals, though the latter requires much 

higher temperatures than plastics.

Extrusion / Fused Deposit Modeling / FreeForm Fabrication

Most of the latest 3D printers are based on this method. MakerBot (“MakerBot | 3D Printers | 3D Printing,” n.d.), 

Laser Sintering scheme. Original image: (Castro, 2014)
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Arduino Materia 101 (“Arduino Store - community and electronics,” 2014) and UltiMaker (“Home - Ultimaker,” 

n.d.) are all Extrusion based 3D printers. This method utilizes the extrusion of thermoplastics to build up the 

model. Mostly a thermoplastic filament is guided through a heated nozzle that temporary melts the thermoplastic 

and deposits it in 3D space. 

One major disadvantage of this process is that the machine needs to print support structures that have to be 

removed after. In more advanced E / FDM / FFF printers, this support structure is made of water-soluble material 

so that the support material can be easily removed. 

Extrusion / FDP / FFF scheme. Original image: (Castro, 2014)
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Binder Jetting

Binder Jetting is a technique where a liquid binder is selectively deposited onto a material to fuse it. As with other 

techniques with powder as material, the platform drops with each layer. In contrast to Laser Sintering/Melting, this 

process allows for other materials like ceramics, sand and even foods, like chocolate. 

History

The history of additive manufacturing goes back to the eighties, when Dr Kodama applied the first patent for 

additive manufacturing techniques. However, since he was too late with the application, it was not filed and 

Charles Hull applied the first official patent for additive manufacturing. AM was first meant as a rapid prototyping 

tool in the field of product development but nowadays, research to the use of AM in many different fields has been 

conducted.

On the next page, a time line of notable events in the field of additive manufacturing are set out:

Binder jetting scheme. Original image: (Castro, 2014)
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1986

First o�cial patent 
by Charles Hull for 
SLA

1990

EOS sold �rst 
‘Stereos’ 
system

2000

Introduction of MCP 
Technologies by SLM 
technology

2005

Establishment of 
ExOne

2008

3D Systems acquires 
Desktop Factory

2012

Alternative 3D ptrinting 
process got introduced 
at entry level of market

1980

First patent application by 
Dr Kodama

1998

Object Geometries launched

1987

Introduction of 
SLA-1

1989

Carl Deckard SLS 
patent

1992

FDM patent 
issued to 
Stratasys

1996

Sanders prototype and 
ZCorporation was set up

1997

Establishment of Arcam

2002

EnvisionTec founded

2004

RepRap, the �rst concept 
of an open-srouce 
self-replicating 3D printer

2007

The first machine under 
$10.000

2009

First commercially 
available 3D printer

2012

Stratasys aqcuires 
MakerBot
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Case Study Printer

The AM machine that is the closest to be applicable in (small) building construction 

and is employable on site is the 3D printer of D-Shape (“welcome to D-Shape,” 

n.d.). The D-Shape printer is a large scale Binder Jetting 3D printer that use ordinary 

sand, dust or gravel as base material and a mixture of seawater and magnesium 

as binder (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014). This machine 

has several benefits compared to alternatives like the Contour Crafting machine and 

others:

Image by: Monolite UK Ltd 49
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Size

Although in terms of buildings it seems small, in terms of AM machines it is huge. The 300 nozzle machine covers 

a 6 x 6 meter footprint and a similar 6 meter height. This size is spot on as it fits in a standard 20 feet container if 

disassembled and is composed out of standard lattice beams.
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Materials

The D-Shape printer requires very few base materials. An added benefit of this printer is the availability of the 

base material. They are present practically everywhere: sand, dust or gravel. The binder of the printer consists of 

a mixture of Magnesium and seawater. The hardened material has tensile, compression and density properties 

of 75% compared to Portland cement (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014). 

Below are the basic properties of the material, compared to portland reinforced concrete:

Concrete Hardened Material Unit
Tensile 20 - 50 15 - 35 kg/cm2

Compression 200 - 400 175 - 200 kg/cm2

Density 2240 - 2400 1855 kg/cm3

Weight 2500 2200 kg/cm3

Porosity 7 - 16 13 %
(Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014)

Image by: Monolite UK Ltd 53
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Speed

Compared to traditional construction methods, the D-Shape printer is four times faster. The printer prints 2500 

square meters a year (“welcome to D-Shape,” n.d.). This means that a full 6 x 6 x 6 model is printed in approximately 

3 days. This means that a single printer is insufficient in most situations, so several ones are needed to meet the 

needs of the specific area and disaster.
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Accuracy

This is where the D-Shape printer excels compared to its concrete printing counterparts. Most concrete printers, 

like those of BetAbram and to a lesser amount the machines of Contour Crafting and WinSun, are more or less a 

robotically powered concrete deposit hoses or low accuracy extrusion printers. In contrast the D-Shape printer is 

a jet binder printer with high accuracy compared to its size. The D-Shape machine has a layer thickness of 5 to 

10 mm and a dpi of 25, which is a practical accuracy of 2 mm (“welcome to D-Shape,” n.d.).
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Cost

The cost of a finished printed product compared to manual labor is 30% cheaper, D-Shape even states it is 30 – 

50 % cheaper:

“Despite the higher cost of the binder compared to Portland cement, the realization costs of D-Shape structures are 30%-50% 

lower than manual methods” (“welcome to D-Shape,” n.d.) 
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This chapter describes the progressive shelter design requirements regarding the use of additive manufacturing 

as construction method. These requirements are based on a literature review of the Sphere Project 2011 Edition 

(Sphere Project., 2011), “Transitional settlement: displaced populations” (Corsellis, Vitale, Oxfam GB., University 

of Cambridge., & Shelterproject., 2005), “Safer Homes, Stronger Communities“ (Jha & Duyne, 2010) and 

“Shelter after Disasters, Strategies for Transitional Settlement and Reconstruction” (Department for International 

Development, 2010).

6.1 AVAILABLE FACILITIES

As progressive shelters are being constructed in the early recovery stage, just after the initial / critical stage, the 

following facilities are assumed to be present in the area:

Facility Amount Unit
Solid waste containers 1 10L / Household
Water taps 1

1

1

 Tap / 250 People

Hand Pump / 500 People

Well / 400 People
Stoves in cold climates 1 Stove / household
Fuel (for stoves) ? kJ / Household

Solid Waste Containers

To increase the hygiene and prevent the surroundings from being polluted, every household should have access 

to a 10L container for solid waste disposal. A facility should be arranged that empties the container regularly to 

prevent waste from accumulating.
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Water taps

Although the case study designs involve water collection system, a lot of areas do not have enough precipitation 

for all the water needs. Additionally, captured rain water can only be used for cleaning and consumption after 

cooking as it will be slightly contaminated. This process is more expensive than providing clean drink water, but 

again, this drink water is too precious to be used as cleaning water. So in order to fill the drink water gap, sufficient 

water taps should be available.

Basic Hygiene Items

Basic Hygiene items include: soap, water containers and washable cotton cloths. These items are basic and are 

an easy and inexpensive way to increase the level of hygiene in an area. 

Food

The minimal requirement food requirements per person is 2100 kcal per day. The shelter design involves some 

sort of water collection but not any food production. Assumed is that the amount of food available covers this 

2100 kcal per day.

Social Facilities

Although public building construction through 3D printing is out of scope of this project, this could be a future 

development of the system. This illustrates that the knowledge of the system is embedded and can be expanded 

beyond its basic functionality. 

Stoves in cold climates

In cold climates, one of the first things that are needed are stoves. They provide for basic cooking and serve as 
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a primary source of heat. This is important because when a stove is present, the design for a shelter in a cold 

climate can use this to efficiently circulate and reuse the heat of the stove. 

Also, a sufficient amount of fuel needed to keep the stove running is assumed to be present.

6.2 GENERAL REQUIREMENTS

The minimal progressive shelter requirements are used as design guidelines for the basic shelter. The basic 

requirements are set out into three parts: spatial, WASH (water supply, sanitation & hygiene promotion) and 

additional requirements. The spatial requirements are focused on the performance of the shelter, the hygiene 

requirements are based on the way the shelter can improve the way people in recovering disaster areas cope 

with hygiene and reduce the risk of vectors (disease agents), and finally the additional requirements. 

Spatial requirements

Requirement Amount Unit
Weather resistance Precipitation

Wind

Damp

Cold / Heat

-

-

-

-
Square meters per person living space 6 - 12 m2

Capacity 1 – 6 people
Lifespan > 10 years
Construction time 1 – 3 days
Spaces Kitchen

Bedroom / Living Room

Toilet

Solid waste storage

-

-

-

-
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Weather resistance

The basic shelter design should provide for at least: precipitation, wind, damp and temperature differences 

between the interior and exterior climate. The interior should be usable for basic activities like: sleeping, washing, 

dressing, infant care, storage of food and other possessions, cooking and eating. 

Square meters per person

The minimal amount of living space for one person is 3,5m2. Although this is the minimum, the goal is to make 

this amount flexible. That means that this amount can be scaled to what external factors allow (money, amount 

of available space, etc.). Since the houses designed in this research are meant as a permanent housing solution, 

the goal is to allocate 10 to 20 square meters per person.

Capacity

A shelter should be producible in various sizes ranging from one to six people. The efficiency of a shelter rises 

when more people live in one shelter due to shared sanitation and cooking facilities. 

Lifespan

The shelter should be expandable, this a progressive shelter. The lifetime of such a shelter depends on how 

the occupants decide to expand the basic unit. Therefore the lifespan of the basic building can only be a rough 

estimate, which should be at least 10 years.

Construction Time

This is one of the limitations of the current system as the printer that is used in the case study (D-Shape printer) 

prints 2500m2 a year. Therefore, multiple printers are needed to ensure that enough production is present. 

However, 3D printers have sped up already and with the attention and current developments in this field the 

assumption that future printers are faster, can be made. The current construction time for one shelter based on 

the above number is approximately 3 to 4 days. 
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Spaces

A basic shelter should have a kitchen, sleeping and living room combined, a toilet and a place to wash. When the 

family size exceeds 4 people, it is recommended to increase the number of sleeping spaces to three.

WASH requirements

To accommodate basic hygiene in a private environment, the housing solution should provide for at least one 

latrine, sink and place to wash the whole body. Water collection on the roof and storage somewhere in the shelter 

could provide for the water needs for washing and cleaning the house. This water cannot be used for cooking or 

hydration. 

The water analysis tool provided can be used to determine the average water collection per month with a global 

accuracy of 25 kilometres. An average of 2 to 6 litres of waters per day is needed per person to accommodate 

basic hygiene needs. 

The global dispersion of precipitation is between 100 mm a year in dry areas and 1000 mm a year in wet areas. 

With an allocation of 6 to 12 square meters per person living space over two floors, and a yearly need of 600 

to 3000 litres for hygiene needs, the following precipitation requirements have to be met to implement a water 

collecting roof:

Required Yearly 

Precipitation in mm

Required monthly 

precipitation in mm

Liters per person per 

year

Square meters

100 9 600  6
66 6 600 9
50 3 600 12
300 25 1800 6
200 17 1800 9
100 9 1800 12
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Required Yearly 

Precipitation in mm

Required monthly 

precipitation in mm

Liters per person per 

year

Square meters

500 42 3000 6
333 28 3000 9
250 21 3000 12

Additional requirements

Besides the spatial requirements, there are also some additional requirements:

Requirement amount unit
Water collection 2 - 6  average L / day
Progressive - -
Expandable - -
Customizable - -

Water Collection

In most climates, water collection can reduce the dependence on the public water facilities. Water collection will 

be conducted through rain water collection of the roof. This water can then be used for personal hygiene, cleaning 

and cooking/drinking if a water filter is present. 

Progressive

The shelter should be progressive, which means that over time, the inhabitants can improve their homes by 

means of isolation, size, finishing, etc. This asks for measures to allow these kinds of adjustments and upgrades.

Expandable

Expandability is also required. Where the basic shelter starts off with a combined living room and bedroom, 

inhabitants should be able built an additional room to allow for the multipurpose room to become a living room or 

bedroom only. 
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Customizable

With expandibility comes customization. People will want to make their home their own by means of painting, 

furniture, etc. The concept of providing a basic unit that the inhabitants are responsible for follows the philosophy 

of Georgia Soraya from the World Bank:

“It is better to have 100,000 people each concerned about one house than to have 100 people concerned about 100.000 

houses.”

6.3 CLIMATES

Disasters happen all over the world in different areas and in different climates. The Sphere Project 2011 Edition 

(Sphere Project., 2011) describes three climates that require additional design features due to the possibility of 

extreme conditions: cold, warm & humid and hot climates. 

Cold

In a cold climate, average temperatures lie well below ten degrees Celsius during the day and night. Occasional 

frozen precipitation like hail and snow are not uncommon. The following design implementations apply for this 

climate: 

Requirement Reason
High thermal capacity / lightweight + insulation Allow for resistance against cold
Minimal airflow around openings Prevent energy leakage
Internal ventilation for heating Efficiently heat the building
Raised floor Prevent water from entering
Floor insulation Prevent body heat loss

High thermal capacity / lightweight construction + insulation

To keep the interior climate comfortable, the exterior construction either needs a high thermal capacity in the 
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case of cold nights and temperate days or a lightweight construction with sufficient insulation. In the scope of this 

research, the latter option is contradictory as a 3D printer, for now, cannot print insulation. So when designing a 

lightweight construction that is to be upgraded by the residents, how does this construction perform when it has 

not yet been upgraded?

Minimal airflow around openings

To prevent cold air from flowing through the settlement, and to prevent warm air from leaking out, openings and 

airflow around openings should be reduced to the absolute minimum. This is an area where 3D printing excels 

because a settlement can be printed in a monolithic fashion. 

Internal ventilation for heating

To efficiently heat the building, there should be enough internal ventilation to circulate the warmth coming from 

the stove. Yet, minimize ventilation from outside to a level that is sufficient for fresh air.

Raised floor

As is it expected that, in the early usage stages of the settlement into the later stages of the settlement, people 

sleep on the floor, this floor should be raised to prevent cold and water from entering the building.

Floor insulation

Floor insulation, or the prevention of the floor becoming cold, ensures that no unnecessary body heat loss is 

happening. 
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Warm & humid

In warm & humid climates, a lot of rain, a high humidity and an average temperature well beyond 15 degrees 

Celsius during the day are not uncommon scenarios. The following design features apply to these kind of climates:

Requirement Reason
Max ventilation (orientation + design) Prevent moisture and improve comfort
Min sun entry Allows for constant internal climate
Roof enough slope & overhang Make sure precipitation can be drained and reduce sun 

entry and warming

Maximum ventilation

In contrast to cold climates, a settlement in a warm and humid climate needs maximum ventilation to prevent 

moisture and increase the amount of comfort in the settlement. 

Minimize sun entry

Maximum ventilation and minimum sun entry in the building is the most cost effective way to ensure a comfortable 

climate inside the settlement.

Roof overhang and slope

The roof of a settlement in a warm and humid climate needs enough slope and overhang. The slope is needed 

to drain precipitation from the roof. The overhang is needed to provide for shadowy areas where residents can 

reside as well as the prevention of sun from warming up the settlement. Note that this overhang should be 

reduced to a minimum or other measures have to be taken in storm resistant areas.
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Hot

In a hot climate, average temperatures lie above 25 degrees Celsius during the day. In some areas, the night be 

equally cold with temperatures below zero. The following design features apply for this type of climate:

Requirement Reason
Max ventilation (orientation + design) Prevent moisture and improve comfort
Minimize sun entry Allows for constant internal climate
High thermal mass High thermal mass captures the warmth of the 

daytime and releases this warmth during cold nights

Maximum ventilation

In contrast to cold climates, a settlement in a hot climate needs maximum ventilation to increase the amount of 

comfort in the settlement. 

Minimize sun entry

Maximum ventilation and minimum sun entry in the building is the most cost effective way to ensure a comfortable 

climate inside the settlement.

High thermal mass

High thermal mass captures the warmth of the day and releases that during the, overall colder, nights to make 

the interior climate more consistent and comfortable.
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The type of disaster that occurs in specific areas heavily depend on the geolocation and weather conditions 

of that area. To prevent the same disaster from having an equal impact on the area, the newly build structures 

benefit greatly from certain design implementations. In earthquake sensitive areas for example, applying base 

isolators as foundation greatly decreases the stress on the structure during earthquakes. 

The following disasters are being set out due to their destructive nature: earthquakes, tsunamis/floods, and 

storms. Damage from disasters like volcanoes or wars are hard to prevent through design, and are thus out of 

scope of this project. Further research may include measures and design implementations that deal with these 

other disasters.

Earthquake

Earthquakes with serious magnitudes can cause massive damage to infrastructure and buildings. The main 

cause for these destructions are poorly designed connections and the tensile forces that occur during the shaking 

of the building. The following design features either reduce risk of injury or increase the resistance of the building. 

Requirement Reason
Base isolators To reduce stress on structure during earthquake
Small windows Reduce weak spots in walls
Lightweight roofs Reduce risk of heavy falling objects

Base isolators

In the case of an earthquake, the horizontal movements cause a momentum in one direction while the very next 

moment it pulls the building in the other opposite direction. This causes a lot of stress on the structure. 

Base isolators reduce the amount of horizontal stress on a structure by reducing the amount of horizontal 

movement of a structure. This is done by making the connection between the ground and the structure flexible so 

that the ground can move freely while the structure remains static above the ground. 

6.4 DISASTERS
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To better understand this theory imagine a block of solid material, e.g. stone or wood, on a plate of the same 

material and imagine this plate is shaken quickly in a horizontal movement, simulating an earthquake. The block 

will start to move and eventually tumble. Imagine the same plate and block but now the plate has a layer of ice on 

it. When the plate is shaken again, the block will now more or less stay on the same place in space. The amount 

of horizontal momentum passed onto the block is greatly reduced by reducing the amount of friction between the 

‘ground’ and the block. Base isolators work similarly in that the isolators reduce the amount of horizontal friction.

Small windows

In an earthquake resistant area, windows should be small. This reduces the amount of weak spots in a wall, 

which is Therefore stronger and more resistant to stress. This combined with base isolators greatly decrease the 

amount of damage an earthquake does to a structure.

Lightweight roofs

Lightweight roofs decrease the amount of injury it can do to people when falling down. Improved joints between 

roofs and the connecting building components works as well.
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Tsunami / flood

During tsunamis and floods, water levels can cause buildings to be flooded. Additionally, during tsunamis, the 

increasing pressure of the water and mud streams can cause whole structures to be moved or toppled. These 

streams can be irreversibly destructive. The following measures and design implementations reduce the amount 

of damage a flood or tsunami can cause to a building:

Requirement Reason
Flood room Acts as valve when stress gets too high
Hydrodynamic shape Laminar flow protects the structure
Battered walls More sturdy and relieves pressure off walls
Multi-level building More chance of sufficient living space in case of high 

water

Flood room

A flood room is a room of which the structure is less strong than the rest of the building and can break out in case 

of high water. This allows for a release of pressure when a flood or tsunami crashes into the building and leaves 

the rest of the building intact. 

Hydro dynamic shape

A hydro dynamic shape is a shape that allows for a natural flow of fluids along that shape. Examples of 

hydrodynamic shapes are the hull and wings of an airplane or ship and the shape of most fishes and birds.

Such a shape is useful in the event of a flood for the same reason that base isolators are good for a structure in 

case of an earthquake. A hydrodynamic shape reduces the amount of stress on building components during high 

water and streams of water. An additional advantage of such a hydrodynamic shape is that they are stronger than 

perpendicular connections because of the natural flow of forces.
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Storm

During a storm, the main issues are water and heavy winds. In comparison to floods and tsunamis, water can 

enter certain parts of the building where it normally would not reside due to the high amounts of winds in all 

directions. Additionally, wind alone can cause major damage to buildings, especially those parts where the wind 

can ‘grab’ building components like overhanging roofs and tear them off. The following design implementations 

reduce the amount of damage as well as the as the risk of injury of those present in the building. 

Requirement Reason
Reduce drag at openings Mineral materials are sensitive to tensile forces
Absolute minimal overhang & heavy roof Reduce risk of roof being pulled off
Sufficient water drainage Prevent water accumulation

Reduce drag at openings

Drag can cause damage to structure as drag causes forces on building components which they are not designed 

for. Specifically openings and overhangs cause drag and Therefore these should be carefully designed.

 Absolute minimal roof overhang and heavy roof

As stated above, roof overhangs are very susceptible to drag and should be minimized. As this causes a 

contradiction to the statement that in warm and hot climates, sufficient overhang has to be realized to decrease 

the amount of sun entry, this feature overrules that as it can cause major damage.

Sufficient water drainage

Hurricanes do not solely involve heavy winds but occasionally also heavy precipitation. The combination between 

heavy wind and heavy precipitation can cause water to accumulate on places where it normally wouldn’t reside. 

This should be factored in as accumulation of water can cause damage to structures. Also, sufficient water 

drainage is necessary.
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7. DESIGN

Three case study projects have been conducted to explore the possibilities, limitations and requirements of the 

application of additive manufacturing in the construction of progressive housing. To investigate how AM can 

improve the design for disaster hazards and climate conditions, three combinations have been made: Lima in 

Peru for earthquake hazards in a warm and humid climate, Acapulco in Mexico for storm hazards in a hot and dry 

climate and finally, Sapporo in Japan for Flood and tsunami hazards in a cold climate. 
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Organization of Activities

The basic activities as set out in the program chapter consists of: washing, cooking, dressing, eating, relaxing, 

working, personal hygiene, toilet hygiene and sleeping. The basic spaces that are present in the designs are at 

least a bathroom, sleeping room, combined or not, with a living room, a kitchen, combined or not with, a living 

space and a toilet.

Spatial Sequencing

The spatial sequencing schemes are shown to the left. The left scheme represents the basic units without any 

expansion while the right scheme represents an example scheme for an expanded structure.
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Plan of Lima with wind distribution and solar track86



7.1 LIMA, PERU

The progressive house design posed in this chapter is located in Lima, Peru. The area is susceptible to earthquakes 

and has a warm and humid climate. The structure has to house two adults with two children. Important factors in 

this design are the orientation with regard to ventilation needs and the surrounding buildings that do not allow for 

more than two open facades.
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Morphology

The morphology of Lima is ambiguous. The urban structure is based on a monumental set up with grids to fill up 

the space in between the monumental roads. The grid has different building block sizes of which some have been 

cut into several blocks either through planning or through the way the buildings have been built.

The structures within the building blocks, in contrast to the road and urban system, lack organization and structure. 

People keep making little additions to their houses which results in a unordered street view.
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Public / Private

Looking at the profile of the street, it becomes clear that the building facades are built at or even over the 

alignment of public and private property. Most facades are fairly open, and people tend to live at the narrow 

streets. Facades at the ground floor at the street side are often filigree which allows interaction between people 

on the street and people indoors while keeping a certain distance.
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Access

The main entrance is located at the street side with optional access from the back alley. The sides of the building 

are fully closed as all buildings are built side by side on the narrow plots. 

Placement and orientation

The placement and orientation of the building follows the original plan to make sure that everyone keeps their 

own plot. Most of the buildings are oriented so that the main or back entrance is exposed to the main wind 

direction of the area, which is south.
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Ground floor 1:20094



The floor plan of the basic unit consists of a kitchen and a living room. The entrance is 

located directly at te living room, following the local culture. The access to the first floor 

is through the stairs that are placed at the centre of the unit to make sure the hallway on 

the first floor is as small as possible for efficiency reasons.

At the back, the unit allows for an expansion towards the pit latrine which is accessible 

through the back yard.

The toilet is two fold to make use of the double pit latrine technique. The unused pit room 

can be used to store waste until collected.

The front and back facades are finished with a filigree mesh inspired by the works of 

Erwin Hauer (Hauer, 2004). These meshes allow for privacy as well as a soft transition 

between public and private.
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First floor 1:20096



The first floor consists of a hallway which allows access to the bedrooms and the bathroom. There is a bedroom 

for the adults and a bedroom for the children. The double bedroom contains a small balcony at the street side. 

The back side of the structure allows for a balcony, an expansion of the bathroom or an additional sleeping room 

for the children. 
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Front Elevation 1:5098



Back Elevation 1:50 99



Section 1:50100



The section shows that the roof of the building is 

partially hollow. The warming of the sun allows the 

internal air to heat up and together with a chimney at 

the end of the roof, this creates a natural draft inside 

the building. 

Also, the base isolators that make sure the building 

is more resistant to the shaking and horizontal stress 

caused by earthquakes can be clearly seen.
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Ground floor Example Expansion 1:200102



The example expansion on the ground floor consists of a space that is connected 

to the toilet. The space between the two toilets can be equipped with a sink and 

doors to make sure the setup is hygienic.
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First floor Example Expansion 1:200104



The expansion for the first floor consists of a balcony that is accessible through the bathroom. The space could 

also have been used as another bedroom to give each child a separate bedroom or to expand the bathroom to 

make space for a bath.
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Example Expansion Back Elevation 1:50106



This picture shows the example expansion at the back of the building. In the picture, the view plane intersects the 

expansion. The space can be used as additional living space or as dining room to allow more room in the living 

room or to make the kitchen more spatial. 

The picture also shows that the back of the facade now has a railing for the added balcony.
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Example Expansion Section 1:50108
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Window detail 1:10110



Behind the mesh on the front and back facades, recesses have been made to allow for easy installation of 

windows and doors. Simple wooden frames can be attached to the structure with screws or other means of 

fixture. The installation of windows allows for a more comfortable indoor climate and the internal ventilation can 

be managed more easily.
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Perspective render section112



Elevation section render 113



Elevation section render114



Section render 115



REFERENCE: Erwin Hauer reference image, photography and copyright: Márcio Kogan116
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Plan of Acapulco with wind distribution and solar track118



7.2 ACAPULCO, MEXICO

The progressive house design posed in this chapter is located in Acapulco, Mexico. The area is susceptible to 

storms, in particular hurricanes, and has hot and dry climate. The structure has to house two adults with four 

children. Important factors in this design are the orientation with regard to major wind directions and the slope on 

which the structure is build.
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Morphology

The morphology of Acapulco is the least structured of the three use cases due to the landscape which is hilly to 

mountainous. The city lies in between two hills and around a bay. The streets and buildings of Acapulco follow 

the curves of the landscape which results in an organic structure.
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Public / Private

Due to hilly landscape, the streets of Acapulco flow around the hills. This has led to streets lying close to each 

other on different levels of the hill. Many plots on these hills have both a street on the front and to the back. 

Buildings tend to span two or more stories over the level difference between the street where the back of the 

building is oriented towards the top of the hill. The back facade is often more closed than the front since the front 

is oriented towards the sea which offers more ventilation, less sun and a better view. 
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Access

The main entrance of the building is situated on the lower street and there is no access at the back of the building. 

More openings leaves the structure more exposed to storms. The entrance of the building is made so that it can 

be closed with simple wooden boards in the case of heavy winds.

Placement and orientation

The orientation of the building follows the plot which is situated from south-west to north-east. The main wind 

direction is towards the sea which is the south-western direction. 
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Ground floor plan 1:50
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Ground floor plan 1:50

The building is lowered into the ground to make it 

more resistant to storms. Therefore the ground floor 

is lower than street level so a small stair is made at 

the entrance of the building. The ground floor has a 

toilet, a kitchen and a small dining and living space.

The facade of the building has been made so that it is 

completely flat but punctured for light to enter. Behind 

the openings in the facade, there are recesses to 

allow easy placement of window frames similar to 

the design in Lima.  

Ground floor plan 1:50 127



The first floor is accessed via the stairs. The three 

bedrooms and the bathroom are all accessible via 

the central hallway.

Each bedroom is made for two people with the 

largest available for the adults.
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First floor plan 1:50 129



The section clearly shows the way the facade is punctured and shows the shape of the building. The 

rounding makes sure the wind has no grip on the building. The flat roof allows for an expansion on top 

of the building that is fixed so that in a storm, the expansion does not damage the main structure.

Section 1:50130
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Elevation 1:50132
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Night Elevation 1:50134
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Example Expansion Elevation 1:50

The roof of the building is made flat with holes for 

columns. Wooden columns should be used with 

notches. The columns break at the notches in case 

of a storm. The remaining piece of column can be 

removed and replaced with a new one.

Recesses have been made where stair steps can be 

placed in. The steps may not be fixed so that they do 

not split parts of the facade.
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Window, stairs and roof column detail 1:20138



Window, stairs and roof column detail 1:20

The example expansion exists of a stairs on the side of the building that is not fixed but can be placed in the 

recesses. This makes sure that in case of a storm, the stairs causes no damage to the building when it is ripped 

off. On top of the building, a terrace can be made like many in Acapulco do. Since the climate is nice and warm, 

a filigree roof can provide for enough shade.

The columns on which the roof structure is made is placed in recesses in the roof. The notches make sure that 

the columns break sooner than that the roof breaks at the edges. When the column breaks loose, the remaining 

part makes sure that no draft at the holes arises if the whole column would be ripped out. The remaining pieces 

can be removed when the storm has set and the terrace roof can be rebuild together with the stairs.
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Perspective section render140



Elevation section render 141



Section render142



Section render 143
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REFERENCE: House in Groningen, image and design by: Bahama-Architecten145



Plan of Sapporo with wind distribution and solar track146



7.3 SAPPORO, JAPAN

The progressive house design posed in this chapter is located in Sapporo, Japan. The area is susceptible to 

floods and tsunamis and has a cold climate. The structure has to house two adults. Important factor in this design 

is the orientation with regard to the sea, and thus the tsunami direction.
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Morphology

The morphology of Sapporo is highly structured. The whole city is built with grids and the building blocks are 

neatly organized in plots. Natural organic interruptions like rivers and hills seem to be ignored and just used as 

boundaries for the grid structure.

The perfect structure allows for plots where there are hardly any limitations from the direct environment as each 

house is a standalone house on a fairly spacial plot. Also, the grid has been aligned with the shore of the sea to 

the northwest so orientation towards the main tsunami hazard direction does cause any difficulties.
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Public / Private

The perfectly organized structure of Sapporo leaves plenty room for variations on each plot. However, there are 

hardly any buildings that stand out from the rest. This makes the ambiance of the streets rather dull and extremely 

repetitive. 

The border between public and private differs from plot to plot, but the locals are not too keen on exposing their 

households to the public. The facades facing the streets are mostly regular housing facades with most of the 

windows covered in different ways. Whenever the building on the plot is placed back on the plot, the front yard is 

not used for any recreation purposes but rather to increase the distance to the public area.
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Access and placement

The placement on the plot is to be determined by the inhabitants and the local governments. Access is only 

possible from the street side as all building blocks consist of a double layer of buildings facing the street.
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Floor plan 1:100154



The building consists of a single floor 3 meters above the ground. The plan has been elevated to allow for 

expansion on the ground level and to prevent massive damage in case of floods or tsunamis. The basic floor plan 

consists of an entry that doubles as a temporary kitchen until the expansion has been built. After that, the same 

space can be used as a place to change and store clothing. There is also a small bedroom and a small bathroom. 

The window surface has been minified to prevent cold from entering the building. The wall at the interior side of 

the to be placed windows taper out to give the space a more light and spatial experience.
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Elevation 1:50 Elevation 1:50156



Elevation 1:50 Elevation 1:50 157



Elevation 1:50 Elevation 1:50158



Elevation 1:50 159



Section 1:50160



Section 1:50

This section shows that the floor of the entrance/kitchen is lower than the floor of the rest of the building. The 

bedroom and bathroom have a double floor with a hollow space between where the heat from the oven can be 

circulated. This is based on the Asian Ondol system. This is a system where heat is circulated a few times a day 

to heat up the floor which has a high thermal mass.
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Example Expansion Floor plan 1:100162



The example expansion consist of a flood room below the structure. A flood room is a part below the structure that 

breaks away sooner than the main structure in case of floods or tsunamis. This makes sure that the pressure on 

the main structure is minimal and that it remains intact. The downside is, however, that the flood room and all that 

was in the flood room is lost in case of a flood or tsunami. Existing systems exist where garages or living rooms 

are used as flood rooms. 

In this case, the kitchen and a living room can be built below the main structure to reside, relax, work and receive 

guest in.
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Example Expansion Elevation 1:50164



Example Expansion Elevation 1:50 Example Expansion Elevation 1:50 165



Example Expansion Elevation 1:50166



Example Expansion Elevation 1:50 Example Expansion Elevation 1:50 167



Example Expansion Section 1:50168



Example Expansion Section 1:50

The example expansion consist of a flood room below the structure. A flood room is a part below the structure that 

breaks away sooner than the main structure in case of floods or tsunamis. This makes sure that the pressure on 

the main structure is minimal and that it remains intact. The downside is, however, that the flood room and all that 

was in the flood room is lost in case of a flood or tsunami. Existing systems exist where garages or living rooms 

are used as flood rooms. 

In this case, the kitchen and a living room can be built below the main structure to reside, relax, work and receive 

guest in.
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Horizontal Detail Window 1:10170



Vertical Detail Window 1:10

As in the design of Acapulco, recesses 

have been designed so that a window 

frame can be easily placed by the 

inhabitants. In this case, the inhabitants 

will want to place windows rather quickly 

or cover the openings with boards to 

prevent cold from entering the building 

and keeping a comfortable climate.
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Perspective section render172



Perspective section render Elevation section render 173



Section render174



Section render 175



REFERENCES: Notre Dame du Haut by Le Corbusier Image : greatbuildings.com176
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8. DISCUSSION AND CONCLUSIONS
8. DISCUSSION AND 

CONCLUSIONS
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In this chapter, the findings will be summarized and general conclusions regarding the impact of using additive 

manufacturing on the overall process, construction phase and housing designs are presented. 

Additive manufacturing machines, like the D-Shape printer used in the case studies, can be used as a versatile 

machine that can produce different housing solutions based on the local cultural preferences, disaster hazards 

and climate conditions. This overcomes the need of preproduction, storage and shipping, which is expensive and 

asks for a one-size-fits-all design that is hardly ever optimized for the local situation which is inefficient and does 

not contribute to the life span of the housing solution.

The machine should be deployable by means of containers. Containers are the standard way of transporting 

objects and is Therefore less expensive than specialized means of transportation. The D-Shape printer fits in 

a 20ft container together with an aggregate, a stock of binder, a structure to protect the machine from rain and 

wind, and tools for finishing the final product. Since the D-Shape printer is a fairly simple machine consisting of 

lattice beams and an electrical motor that moves the nozzles over the base material, adapting this machine is 

fairly easy. When more complicated machinery will be developed over the next years, this shipping in containers 

might not be possible anymore. This also has an impact on the translocation process from site to site.

During production, the machine needs to be protected from wind and rain, and enough power to let the machine 

run for 2 consecutive days. After the 2 days, the final product needs to harden for 24 hours. Additionally, the 

machine should be controlled by some computing device (e.g. laptop or computer with enough processing power).

The machine also requires base materials, in the case of the D-Shape printer this is any sand, dust or gravel. The 

use of local debris as base material for new progressive housing would be the optimal situation and reviewing the 

possibility of doing this was one of the initial goals of this research. Debris is now used mainly in the reconstruction 

of large infrastructures like canals or roads. The use of dust, sand or gravel as material is far more optimal than 

the shipping of materials regarding time and cost, but also requires some regional logistics. Materials need to be 
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transported to the construction site and each area needs to be assessed for the optimal origin of the material. 

By using local debris as material, the impact on the environment is lower since that material has already been 

used once and is already processed. There are, however, two problems with using debris. The first problem is 

that the processing of debris requires a factory, a lot of machinery like grinders and shovels and also a lot of 

water to contain the dust and particulate matter that is generated in the process. There are developments like the 

ERO Concrete-Recycling Robot that overcome the need for large factories and machinery to process debris into 

aggregates, but these are all still just concepts or work in development projects.

The second problem with debris is that there are currently no AM machines that can use processed debris as 

base material with enough accuracy or speed to construct housing. There are developments in the field of additive 

manufacturing machines that use concrete as base material, which could use the processed debris aggregate, 

but as mentioned, the accuracy is not sufficient. Also, the speed of these machines is comparable to, or slower 

than the D-Shape printer. Finally, the composition of the aggregate is unknown and may lead to difficulties.

Until the time that there are small debris processing robots and AM machines that can process the debris 

aggregate, it is impossible to use processed debris in the construction progressive housing at an acceptable cost 

and timeframe and Therefore, this subject was dropped. 

The use of dust, sand or gravel as base material for the printer has pros and cons. The pros are that the material is 

globally accessible, cheap and easy to transport by different means. Also, when using AM techniques, parts and 

joint don’t exist. Slabs and walls are no longer separate parts but a slab gradually flows into a wall. This makes 

a structure significantly stronger and more resistant to certain situations. The cons of using a single material 

like dust, sand or gravel is that the accuracy provided by the AM machine applies to the whole structure. Also 

the material properties like density, weight and resistance properties are the same everywhere. This can cause 

problems for small parts of the building, like doors, windows and wall or roof sections. This means that not the 
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total structure can be printed, for example doors and windows are impossible to make in stone like materials. For 

doors the material lacks lightness and for windows, the material lacks transparency. Recesses can be designed 

so that windows and doors can be easily placed afterwards. Also, wall and roof sections are solid, which means 

less thermal resistance, or with a minimalistic connection between the outer and inner wall, which is weaker, 

but allows for insulation by the inhabitants. A research to the benefits and possibility of porosity in solid building 

components through additive manufacturing is currently conducted at MIT. Controlled porosity in building for 

example offers optimization of strength, thermal conductivity and weight. The ability to produce outer walls and 

slabs with thermal resistance comparable to what is required is one of the major hurdles additive manufacturing 

on building size must take to be seriously considered.

Small shovels can be used to fill up trucks that transport the base material to the construction site. Tanker trucks 

can be used to transport water for the binder to the construction sites. 

When the object is finished and hardened, the leftover material needs to be removed from the object. Locals can 

use brooms, hand brushes, sand vacuums, shovels and a transportation band to move the leftover materials from 

the object in a truck. The material can then be reused in another construction project elsewhere. This means that 

there is hardly any residue. Additionally, inhabitants of the structure can smooth the surfaces of the structure, as 

well as paint, plaster or decorate otherwise. 

When construction on site is impossible, or when the structure consists of multiple parts, the final structure needs 

to be placed with a small crane. At all times, near or on site construction is preferable and more cost effective 

than transporting the structure from a remote construction site. When an area is reconstructed programmatically, 

the printer can be transported by means of small pickup trucks, or even manually on very short distances, to 

the next site. Further research to the placement and optimal solutions for in-situ construction regarding additive 

manufacturing need to be conducted, especially in situations like disaster areas where each situation requires a 

different approach.
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The current dimensions of the D-Shape printer, the current largest applicable machine, are six by six by six 

meter. The height is sufficient in any situation, since two stories of 3 meters height can be created. When using 

small slopes to accommodate water drainage, storey heights can be reduces to 2.3 to 2.5 meters. The width 

and length however, are more troublesome. When family sizes exceed 3 people, the need arises to use multiple 

parts to accommodate enough space together with a structurally sound and architecturally logical structure. By 

expanding the width of the printer to 7 meters, the design possibilities and flexibility grow due to the fact that 

rooms on both sides of a center hallway can measure over 2.6 meters in width compared to 2 meters when using 

200mm thick internal walls and 300mm thick external walls and a hallway width of 1000mm.

Increasing the length of the printer would remove the need for multiple parts and Therefore weak seams between 

the parts. These implementations in width and height would only require simple adaptations to the software and 

hardware. Increasing the length to ten meters would still allow for transportation in a 20ft container given that 

multiple beams of five meters are connected. To increase the width, for example to seven meters, beams with 

half that size can be used with a maximum of five meters.

The construction speed of additive manufacturing machines are comparable to traditional. Most of the analyzed 

shelters can be built within 4 days maximum, given that the required materials are available. The basic functioning 

structure produced by the D-Shape printer is ready within 4 days, 5 days if windows and doors have to be set 

immediately, like in cold climates or criminal neighborhoods. Speed gains can be achieved through faster printing 

and shorter hardening times. If these processes can be reduced to two or even one day, the capacity would 

double of one printer. At all times, the amount of printers needed is dependent of the situation.

When looking at the accuracy of AM machinery, the D-Shape printer excels with a theoretical accuracy 25dpi. 

25 dpi means 25 dots per inch. One inch is 25.4 millimeters which means that the printer has an accuracy 

of approximately 1 mm. However, the accuracy is also dependent on the base material. The D-Shape printer 

accepts dust, sand and gravel where dust is the most accurate and gravel the least. Finally, the cleanness of the 
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binder jet nozzles affect the accuracy of the printer as well. Given these properties, the practical accuracy of the 

printer when using dust or sand is between the 10 and 25 dpi. The accuracy when using gravel depends on the 

coarseness of the gravel. The accuracy of the printer is sufficient for the larger components of a building but lacks 

the detail to fully benefit from the advantages offered by 3D printing. Small components like sinks or recesses 

for other components could be improved or made without the need for finishing. Also, smoothness of surfaces 

benefit from a higher accuracy.

Finally, looking at the housing solutions itself, it is clear that each situation results in a very different design. Even 

more, for each situation, different people would come up with different designs. It is clear that a one-size-fits-all 

design performs less than a specialized design. However, as it is unclear when and where disasters will strike, the 

designs are needed on short time frames. Even though it is unlikely that additive manufacturing will be applied in 

the initial phase of the reconstruction process or replace tents as initial sheltering, it is likely that the application 

of additive manufacturing will slowly shift from the short to medium phase into the initial phase as additive 

manufacturing machines will produce quicker, more accurately and with more materials. This makes the design 

timeframe even shorter. To address this problem, a framework with design solutions need to be made where 

designers of progressive housing constructed through additive manufacturing can draw from. This framework 

will consists of design solutions for different cultures, façade systems and disaster and climate specific design 

implementations.

Progressive housing can benefit greatly from additive manufacturing techniques. On the long run, housing can be 

produced cheaper, quicker and overcome the need for one-size-fits-all designs which will contribute to the quality 

of housing. Looking at the process of construction, deployable packages are cheaper to store and transport given 

that the requirement of storage and transport in containers is maintained compared to the current method of 

preproduction, storing and transporting. Since the construction process is in-situ, locals can help and contribute 

to the community which will give them a positive mental boost compared to just receiving a housing unit that is 
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built by foreigners. Also the use of local materials as base material for the machines, with the possibility of using 

local debris, requires less transportation and is cheaper.
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Abstract 

The goal of this research is to investigate whether additive manufacturing techniques can improve the way progressive sheltering is built 

in disaster struck areas. The research is twofold since it searches for ways to apply additive manufacturing in housing in general and how 

the freedom of diversity, uniqueness and variety can be used to adapt housing to local hazards and climate conditions. Based on the 

three major climate types and most destructive disasters, three designs were made to explore the possibilities of additive manufacturing 

on building scale. 

Regarding the overall process, costs can be reduced by making containers equipped with the necessary items, including an additive 

manufacturing machine, which overcomes the problem of preproduction, storage and transportation of shelter packages. This indicates 

the second advantage of being able to construct on site with local materials, e.g. by using the D-Shape printer (Cesaretti, Dini, De 

Kestelier, Colla, & Pambaguian, 2014). This allows for site specific designs that are adapted to local hazards, climate and cultural 

preferences. By including the locals in the production process and facilitating and allowing them to customize their new homes, they are 

psychologically more empowered (Jha & Duyne, 2010) compared to traditional reconstruction methods. 

The downsides however, are the inability of current large-scale printers to print multiple materials. This leads to building components 

that aren’t isolated and the inability to print certain components like doors and windows. Also the largest usable printer has a footprint 

of six by six meters (Cesaretti, Dini, De Kestelier, Colla, & Pambaguian, 2014), which leads to awkward floor plans due to the narrow 

width and length. 

Additive manufacturing can improve the reconstruction process and the way we built progressive housing but merely as a component 

of a larger picture. By overcoming the problem of preproduction, which leads to one-size-fits-all designs, the cost and design of housing 

can be improved. Future developments in the field of additive manufacturing machinery can only contribute to the benefits already 

present by allowing for more speed, a larger footprint and support for multiple materials. 

Goal 
The goal of this research is to investigate whether additive manufacturing techniques can contribute to the way progressive sheltering is built in 

disaster struck areas. Additive manufacturing techniques offer promising qualities over traditional manufacturing methods. Some of these 

qualities are: speed, cost, freedom of diversity, uniqueness and variety. The qualities of additive manufacturing could solve some of the problems 

with current sheltering practices: the need for a one-size-fits-all design, need for expensive pre-production and transportation and the use of 

inexpensive, non-durable materials. 

Method 
This research is conducted through design case studies (for those, please refer to the main report) based on a literature review of current state 

of the art technologies and advancements in the respective fields: additive manufacturing, sheltering and disaster (reconstruction processes). 

Since the goal is to investigate whether the use of additive manufacturing can contribute to the reconstruction process and the construction of 

progressive housing, three designs were made for the three most destructive disaster types and most worrisome climate types (warm & humid, 

hot & dry and cold). During the design process, notable limitations and opportunities of the process, machinery and design have been 

documented. Finally, an analysis is made and conclusions were drawn. 

Results 
Additive manufacturing machines, like the D-Shape printer used in the case studies, can be used as a versatile machine that can produce different 

housing solutions based on the local cultural preferences, disaster hazards and climate conditions. This overcomes the need of preproduction, 

storage and shipping, which is expensive and asks for a one-size-fits-all design that is hardly ever optimized for the local situation which is 

inefficient and does not contribute to the life span of the housing solution. 

The machine should be deployable by means of containers. Containers are the standard way of transporting objects and is therefore less 

expensive than specialized means of transportation. A disassembled D-Shape printer fits in a 20ft container together with an aggregate, a stock 

of binder, a structure to protect the machine from rain and wind, and tools for finishing the final product.  



During production, the machine needs to be protected from wind and rain, and enough power to let the machine run for 2 consecutive days. 

After the 2 days, the final product needs to harden for 24 hours. Additionally, the machine should be controlled by some computing device (e.g. 

laptop or computer with enough processing power). 

The machine also requires base materials, in the case of the D-Shape printer this is any sand, dust or gravel. The use of dust, sand or gravel as 

base material for the printer has pros and cons. The pros are that the material is globally accessible, cheap and easy to transport by different 

means. The cons of using a single material like dust, sand or gravel is that the accuracy provided by the AM machine applies to the whole structure 

which does not suit the needs for various components. Also the material properties like density, weight and resistance properties cause problems 

for small parts of the building, like doors, windows and wall or roof sections. This means that not the total structure can be printed, for example 

doors and windows are impossible to make in stone like materials.  

When the object is finished and hardened, the leftover material needs to be removed from the object. Locals can use brooms, hand brushes, 

sand vacuums, shovels and a transportation band to move the leftover materials from the object in a truck. The material can then be reused in 

another construction project elsewhere. This means that there is hardly any unusable residue. Additionally, inhabitants of the structure can 

smooth the surfaces of the structure, as well as paint, plaster or decorate otherwise.  

When construction on site is impossible, or when the structure consists of multiple parts, the final structure needs to be placed with a small 

crane. At all times, near or on site construction is preferable and more cost effective than transporting the structure from a remote construction 

site. When an area is reconstructed programmatically, the printer can be transported by means of small pickup trucks, or even manually on very 

short distances, to the next site. 

The current dimensions of the D-Shape printer, the current largest applicable machine, are six by six by six meter. The height is sufficient in any 

situation, since two stories of 3 meters height can be created. When using small slopes to accommodate water drainage, storey heights can be 

reduces to 2.3 to 2.5 meters. The width and length however, are more troublesome. By expanding the width of the printer to 7 meters, the design 

possibilities and flexibility grow. Increasing the length of the printer would remove the need for multiple parts and therefore weak seams between 

the parts. These implementations in width and height would only require simple adaptations to the software and hardware. Increasing the length 

to ten meters would still allow for transportation in a 20ft container given that multiple beams of five meters are connected. To increase the 

width, for example to seven meters, beams with half that size can be used with a maximum of five meters. 

The construction speed of additive manufacturing machines are comparable to traditional methods. Most of the analysed shelters can be built 

within 4 days maximum, given that the required materials are available. The basic functioning structure produced by the D-Shape printer is ready 

within 4 days, 5 days if windows and doors have to be placed immediately, like in cold climates or criminal neighbourhoods. Speed gains can be 

achieved through faster printing and shorter hardening times. If these processes can be reduced to two or even one day, the capacity would 

double of one printer. At all times, the amount of printers needed is dependent of the situation. 

When looking at the accuracy of AM machinery, the D-Shape printer excels with a theoretical accuracy 25dpi. However, the accuracy is also 

dependent on the base material. The D-Shape printer accepts dust, sand and gravel where dust is the most accurate and gravel the least. Finally, 

the cleanness of the binder jet nozzles affect the accuracy of the printer as well. Given these properties, the practical accuracy of the printer 

when using dust or sand is between the 10 and 25 dpi. The accuracy of the printer is sufficient for the larger components of a building but lacks 

the detail to fully benefit from the advantages offered by 3D printing.  

Finally, looking at the housing solutions itself, it is clear that each situation results in a very different design. Even more, for each situation, 

different people would come up with different designs. It is clear that a one-size-fits-all design performs less than a specialized design. However, 

as it is unclear when and where disasters will strike, the designs are needed on short time frames. Even though it is unlikely that additive 

manufacturing will be applied in the initial phase of the reconstruction process or replace tents as initial sheltering, it is likely that the application 

of additive manufacturing will slowly shift from the short to medium phase into the initial phase as additive manufacturing machines will produce 

quicker, more accurately and with more materials. This makes the design timeframe even shorter. To address this problem, a framework with 

design solutions need to be made where designers of progressive housing constructed through additive manufacturing can draw from. This 

framework will consists of design solutions for different cultures, façade systems and disaster and climate specific design implementations. 

Progressive housing can benefit greatly from additive manufacturing techniques. On the long run, housing can be produced cheaper, quicker and 

overcome the need for one-size-fits-all designs which will contribute to the quality of housing. Looking at the process of construction, deployable 

packages are cheaper to store and transport given that the requirement of storage and transport in containers is maintained compared to the 

current method of preproduction, storing and transporting. Since the construction process is in-situ, locals can help and contribute to the 

community which will give them a positive mental boost compared to just receiving a housing unit that is built by foreigners. Also the use of local 

materials as base material for the machines, with the possibility of using local debris, requires less transportation and is cheaper. 

Cesaretti, G., Dini, E., De Kestelier, X., Colla, V., & Pambaguian, L. (2014). Building components for an outpost on the Lunar soil by means of a novel 3D printing technology. Acta Astronautica, 
93, 430–450. doi:10.1016/j.actaastro.2013.07.034 
 
Jha, A. K., & Duyne, J. E. (2010). Safer Homes, Stronger Communities: A Handbook for Reconstructing After Natural Disasters. World Bank Publications. 
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Summary 

International agencies, like the International Red Cross and Red Crescent Movement, that are active in the field of 

disaster response provide basic shelters to those in the affected area. To provide these shelters in a fast and effective 

manner, the shelters are produced beforehand. The shelters are stored in large warehouses and transported to 

affected areas when needed. This makes sure that people don’t go long without shelter. However, there are two 

fundamental problems to this approach. The first is that the provided sheltering solutions are not durable due to the 

used materials and need for compact shipping. The second problem is that the shelters should be deployed 

anywhere, which asks for a one-size-fits-all solution, which never performs compared to specialized designs. 

This thesis explores the application of additive manufacturing in the construction of progressive housing in disaster 

struck areas. Additive manufacturing techniques offer great qualities over traditional manufacturing techniques like 

speed, cost and freedom of diversity, uniqueness and variety. The qualities of additive manufacturing could solve 

some of the problems with current sheltering practices: the need for a one-size-fits-all design, need for expensive 

pre-production and transportation and the use of inexpensive, non-durable materials. 

First, a literature research to the feasibility of additive manufacturing in construction on building scale has been 

assessed. The results showed that several companies are working on machines that are able to manufacture on a 

building scale. Some of these companies are: D-Shape (“welcome to D-Shape,” n.d.), WinSun (“3D打印--盈创,” n.d.) 

and Contour Crafting (“Contour Crafting - CC,” n.d.). Based on an assessment of AM properties like construction 

speed, accuracy, material cost and material durability, D-Shape is currently the most feasible machine. 

Then, to explore the difficulties and opportunities of AM, three use case projects have been elaborated. These three 

projects are located in areas with different climates and disaster hazards. The locations of the three projects are as 

follows: 

- Sapporo, Japan, tsunami hazards in a cold climate 

- Lima, Peru, earthquake hazards in a warm and humid climate 

- Acapulco, Mexico, storm hazards in a hot and dry climate. 

Finally, based on the use case projects, it is safe to say that additive manufacturing can improve the reconstruction 

process and the way we built progressive housing, but merely as a component of a larger picture. By overcoming the 

problem of preproduction, which leads to one-size-fits-all designs, the cost and design of housing can be improved. 

Future developments in the field of additive manufacturing machinery can only contribute to the benefits already 

present by allowing for more speed, a larger footprint and support for multiple materials. 

 

3D打印--盈创. (n.d.). Retrieved November 25, 2014, from http://www.yhbm.com/3Dprint.htm 

Contour Crafting - CC. (n.d.). Retrieved from http://www.contourcrafting.org/ 
welcome to D-Shape. (n.d.). Retrieved November 25, 2014, from http://www.d-shape.com/tecnologia.htm 
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