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ABSTRACT 

The changing climate, a precarious economy, and political turmoil have left countless people 

homeless throughout the world. As more people are displaced by climate change and other issues, 

the number of people who lack adequate housing in the world will continue to grow. Due to the 

enormous impact of architecture and construction on the environment, a method for housing these 

people that is climate-conscious must be developed. Whether housing is needed for migrants and 

refugees arriving at international borders, or for citizens displaced within their own homelands by 

climate disasters, the key to housing these people is creating an adaptable method of quickly 

constructing shelter. 3D printing offers a fast and efficient solution which can utilize responsive 

design to minimize the environmental impact, while keeping costs low for unhoused people who 

are struggling financially. Utilizing parametric design techniques can lead to design strategies that 

optimize a house for the local climate conditions and reduce both the energy used to keep 

occupants comfortable and the resources extracted from the local environment. 3D printing can 

also begin to move from using concrete materials with a high carbon footprint to locally source 

materials like adobe made from soil extracted from the site, to achieve the lowest possible 

environmental impact. This research begins by analyzing the thermal performance of 3D printed 

samples with varying infill values to determine the best print parameters for good thermal 

performance in hot climates. Building on this, a strategy for creating responsive home designs that 

use this knowledge to modify the geometry of a structure according to its local climate conditions. 

These buildings are algorithmically optimized for the climates where they are needed to address 

housing needs, and moving forward, will be tested at larger scales with local clay materials.  
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INTRODUCTION 

Across the world, a housing crisis has left millions without a place to stay and billions with 

inadequate housing (UN-Habitat, n.d.). Spurred by increasing economic inequity, extreme weather 

caused by climate change, and most recently, COVID-19, more and more people are being 

displaced and losing their homes. In many countries, drought, famine, and natural disasters are 

increasing in frequency due to climate change. These events can make it difficult to survive and 

even threaten to render some areas of the world uninhabitable. This creates a looming threat of 

ever-increasing climate migration, with displaced peoples forced to find homes in other regions. 

Even in the United States, hurricanes and wildfires destroy entire towns and leave people displaced 

indefinitely. Economic factors have made it more difficult to supply adequate affordable housing, 

and during the COVID-19 pandemic, many people lost their housing due to increased 

unemployment and other economic impacts of the pandemic (International Monetary Fund, 2021). 

The lack of affordable housing for displaced people, migrants, and those who simply cannot afford 

housing is a rapidly growing crisis that needs to be solved, and architecture is one lens through 

which the problem can be examined. The contribution of architecture to carbon emissions and 

waste streams leaves a lot of room for the industry to improve and mitigate its impact.  

3D printed buildings are a new idea taking hold in architecture, using a massive 3D printer to 

construct houses with minimal labor, and much faster than traditional buildings. Whether housing 

needs to be constructed quickly and efficiently after a natural disaster, erected where large groups 

of displaced migrants arrive at a border, or built cheaply and sustainably in a city with a 

homelessness crisis, 3D printing offers an effective solution to the lack of housing. The 

construction can be mostly automated and offers a large degree of design freedom to adapt to 

external factors. This research looks at some of the possibilities of 3D printing in architecture for 

mitigating the housing and climate crises. Strategies will be developed for designing homes to use 

locally sourced materials and implement climate adaptive designs for energy efficiency. The 

Figure 1: Energy Use in Buildings  (US Department of Energy, 2015) 
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architecture of 3D printed homes can offer solutions to many of the problems that come with the 

current global housing crisis, and may be the solution for providing fast, affordable, and 

sustainable housing in any climate or region experiencing a lack of housing. 

Context: The Climate and Housing Crises  

This research will explore the nexus point of many issues facing society, construction, and 

architecture, vis-à-vis 3D printing. Construction and architecture are deeply affected by both the 

environmental and housing crises occurring today. The buildings and construction sector has been 

shown to be one of the largest areas of energy and electricity usage worldwide, and this high energy 

usage only exacerbates the growing climate crisis. Building energy usage is one specific metric 

that requires massive improvement to meet climate goals set by agreements such as the Paris 

Climate Accords which stipulate that energy usage should be decreases by up to 8% each year 

(Abergel et al., 2019). In the United States, residential, commercial, and industrial buildings use 

30% of our energy, and over 75% of the electricity the United States generates (US Department of 

Energy, 2015). When energy losses are accounted for, the figure rises to about 40% of energy 

usage, and has not decreased over the last decade (U.S. Energy Information Administration, 2021). 

Many of this energy usage and loss stems from the way we use buildings, conditioning spaces for 

our comfort in energy inefficient ways. Of the energy used in residential and commercial buildings, 

space conditioning like heating and cooling, water heating, and lighting account for over half (Fig. 

1) (US Department of Energy, 2015). Clearly, more efficient buildings are required to meet energy 

goals and reduce negative impacts on the environment, but this does not even account for the 

energy and carbon footprint of the construction of these buildings. Worldwide, building 

construction and operation combine to account for almost 40% of both global energy use and CO2 

emissions in 2018 (Abergel et al., 2019). Of global energy usage, residential accounted for almost 

a quarter, and residential use and construction were over 20% of global emissions. Transportation 

accounted for the largest single portion, making up 23% of global emissions and 28% of global 

energy usage (Abergel et al., 2019). Decreasing the energy usage and emissions of the construction 

industry and building operation would help to significantly reduce our environmental impact but 

reducing the transportation cost associated with the building sector would be far and away the 

largest improvement. Of energy related emissions, residential power generation was almost 70%, 

another area where carbon footprint could be vastly reduced with more efficient building operation 

Figure 2: Energy Use and Emissions in Buildings (Abergel et al., 2019) 
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(Fig. 2) (Abergel et al., 2019). Building operation and construction are one the largest contributors 

to the growing climate crisis, and architecture and construction must adapt to alleviate these issues 

before they become insurmountable. Several aspects of building operation require improvement, 

including the amount energy used to condition and light our buildings, and the carbon footprint 

associated with this energy. The amount of energy and carbon emissions associated with 

constructing these buildings and manufacturing and transporting building materials also needs to 

be reduced. This raises a further issue with the intersection of the climate crisis and the global 

housing crisis, wherein we need more housing, but reduce the massive impact of the industry. 

The last time a global survey of housing conditions was attempted in 2005, the United Nations 

found that as many as 100 million people around the world are homeless, and over 1 billion people 

lacked adequate housing – that is, they lived in inadequate conditions such as slums or squatting 

(Kothari, 2005). These figures have not improved as of 2021, and the UN-Habitat organization 

currently estimates that number to be about 150 million and 1.8 billion, respectively (UN-Habitat, 

n.d.). Housing prices and rent have been outpacing earnings for a long time, making it difficult for 

people even in “first world” countries, and not just in impoverished areas, to afford adequate 

housing. The International Monetary Fund tracks housing prices and found that in most countries 

around the world, housing prices have grown faster than household incomes, and have risen 

steadily even throughout the COVID-19 pandemic (International Monetary Fund, 2021). With 

almost 20% of the world’s population already lacking adequate housing, the situation is made 

worse by the large number of displaced migrants in the world. Fleeing natural disasters, climate 

change, or violence and instability, millions of people leave their homes and seek a better life, 

often in another country. Between 2015 and 2019, 4.5 million people sought asylum in UN member 

countries (United Nations, 2021). Not all the hundreds of millions of migrants that travel around 

the world each year are forcibly displaced or poor, but many of them are, and the existing housing 

crisis makes it hard for these people to find adequate housing once they arrive in their destination. 

68.5 million people are forcibly displaced each year, 85% of them from developing countries 

(United Nations, 2021). 

Climate change is causing new waves of migrants that flee the destruction of their homes, even 

within the borders of the United States and Canada. The wealthy are abandoning high risk areas 

and moving, while those that cannot afford to move may be forced to once disaster strikes. In 2018 

when a wildfire destroyed the town of Paradise, California, residents moved to nearby Chico, 

increasing home prices and rent by 20%  (Zoledziowski, 2021). In a similar climate related disaster, 

the Fort McMurray fire in Alberta displaced 88,000 people, with indigenous peoples in Canada 

disproportionately affected, making up over 30% of those displaced by natural disasters 

(Zoledziowski, 2021). Asylum seekers and migrants arriving at the US-Mexico border – already a 

hot button issues for years – have increased due to extreme weather conditions brought on by 

climate change and the COVID-19 economic downturn. Central American countries have been 

experiencing several years of drought and rising food insecurity, as well as destructive hurricanes. 

Maybe are leaving for the United States, and since hurricanes Eta and Iota in 2020, almost 300,000 

Guatemalans have been detained at the border (Lakhani, 2021). The authors that report on these 

climate migrants are part of a Covering Climate Now reporting series on climate migration, which 

chronicles countless stories of people displaced by extreme weather and climate change. They 
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estimate that 55 million people have been displaced by climate change within their own countries, 

not accounting for those that leave to find stability across borders and estimate that it could be as 

high as 200 million by 2050 (Covering Climate Now, 2021). Even among those migrants who are 

not permanently displaced, housing can be hard to find. Migrant farm workers in America, many 

undocumented, struggle to find adequate housing. Substandard housing with overcrowding, 

unclean water, and unsafe electrical work are common in states where enforcement is lax, with 

some migrants living in shipping containers (Wilts, 2016). States often lack the resourced to 

properly inspect all migrant worker housing, and undocumented worked seldom speak up for fear 

of deportation.  

The twin housing and climate crises are inexorably intertwined, creating snowballing problems 

that will only grow worse if left unchecked. The unsustainable construction industry and building 

operation contributes heavily to our emissions and energy usage and needs to be made more 

environmentally sound. Yet for the large carbon footprint the building and construction sector 

leaves, there isn’t enough affordable housing in the world. The environmental impact of the 

industry contributes to the increasing droughts, wildfires, and other extreme weather events that 

destroy houses and displace hundreds of thousands if not millions, who then seek new homes. The 

US-Mexico border is a perfect case study of this, with migrants coming from Mexico fleeing cartel 

violence, and a host of other South and Central American countries where climate change and 

instability have made life dangerous. Since the COVID-19 pandemic began, even migrants legally 

crossing the border at ports of entry have often been subject to the “remain in Mexico policy,” 

being sent back to wait in border towns while their applications are processed. There are thousands 

one migrant death 

Figure 3: Migrant Deaths in Arizona 1980 Through 2016. Adapted by Author from (gchristo_uagis, 

2017) 
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of migrants living in shelters on the border, but also in makeshift encampments of tents, like in the 

border town of Matamoros, where 2,000 people live in tents awaiting entry (Narea, 2019). Parts 

of the border area, such as the Sonoran Desert region can be inhospitable areas where migrants die 

attempting to cross the US-Mexico border and scientists worry water shortages in cities and towns 

will increase because of climate change (Fig. 3) (gchristo_uagis, 2017). In an area where extreme 

temperatures are frequent, architecture in the region has certain environmental challenges to 

overcome. The unique climate and looming migrant housing crisis make it an interesting context 

for possible solutions to the twin crises facing our world. 

3D Printing in Architecture 

This research examines the design and printing process of 3D printed homes and proposes ways 

that these dwellings can be optimized to be sustainable, energy efficient, and easy to construct. 

The possibility of using locally sourced materials that are processed on site is also discussed. 3D 

printed houses are a quickly emerging area in architecture and construction, and while the 

technology is often undeveloped and cost prohibitive, many companies have demonstrated that it 

is a viable solution for quickly and cheaply producing houses. 3D printed houses are created using 

a large 3D printer composed of a gantry and a print head. These operate much like a typical Fused 

Deposition Modelling – or FDM – 3D printer that typically extrudes molten plastic. The print head 

moves in a coordinate system, commonly cartesian, in the X, Y, and Z axes, over the site, extruding 

a material such as concrete. These houses can be printed in a little as 24 hours and can be very cost 

effective for low-income residents (Icon Team, 2018). These houses can be specially designed for 

3D printing with unique architectural elements that are easy to 3D print, but designs can take 

advantage of the benefits of printing in other ways as well.  

Parametric design software can be used to create designs that are complex and would be hard to 

produce via traditional construction methods but can be easily produced with 3D printing 

(Kontovourkis & Tryfonos, 2020). This type of design strategy could be utilized for home designs 

that respond to the climatic conditions of the site, wherever in the world it needs to be built. 

Parametric design coupled with optimization software can be used to adapt the properties of a 3D 

printed design like infill density to improve thermal properties and strength (Vantyghem et al., 

2020). Parameters like the overall footprint, orientation, and wall thickness can be adjusted to 

reduce solar gain and cooling load on a dwelling. Typically, objects are 3D printed by “slicing” a 

3D model using slicer software. The software takes a solid object and creates horizontal layers 

made up of toolpaths that can be interpreted and printed by a 3D printer. When designing a 3D 

printed house, sometimes methods such as designing the toolpath directly can be useful, depending 

on the type of machine being used to print. Aspects of the slicing process, like the infill density or 

extrusion rate, can be adapted to the climate as well. These adaptions can provide additional 

passive energy saving benefits in a dwelling.  

Finally, 3D printing houses has the benefit of reducing material waste and carbon emissions by 

targeting material use, only using material where it is needed. With traditional framing, offcuts 

and other refuse contribute to the waste stream, but with 3D printing, material is only deposited 

where the structure requires it. Adaptive designs that change parameters of the house like infill or 
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extrusion rate can use extra material where it may benefit the physical properties of the structure 

(Vantyghem et al., 2020). This research will look at several of these optimizations and how they 

might be used to improve the performance of a dwelling and create energy and material efficient 

housing to help solve our global housing crisis while mitigating the effect of construction on the 

climate. Typically, the material used is concrete. Most companies producing 3D printed buildings 

use a concrete mixture which is relatively easy to extrude and produces durable structures once 

cured. The designs generate din this research will be generated with the possibility of using other 

materials in mind. Some companies have proposed buildings created using locally sourced clay-

based materials, similar to adobe (Rael & San Fratello, n.d.). These buildings have the potential to 

have a far smaller carbon footprint and would not use emissions heavy materials which have to be 

moved to the site from a factory, by extracting and processing the materials on the site where the 

house is constructed (Chiusoli, A., 2021). This strategy could have environmental benefits in areas 

where clay heavy soils are abundant. The area of context for this research – the Sonoran Desert 

and nearby regions – have deposits of appropriate soil types that make this innovation potentially 

useful there (Conservation Biology Institute, 2010). Adobe houses have been part of the vernacular 

architecture of the region since pre-Columbian times, indicating that these houses will be able to 

take advantage of the material properties and withstand the harsh climate in the region. These new 

materials, while still relatively experimental, are an important aspect to creating housing that has 

the smallest environmental impact. 

Problem Definition 

There are several specific aspects of housing that need to be addressed to solve the housing and 

climate crises. More housing is needed for the millions homeless, displaced, and migrants around 

the world, and that better quality housing is needed for the over one billion that lack adequate 

housing today. Concurrently, the building and construction industry needs to reduce its energy 

usage and carbon footprint to both slow climate change and prevent it from further exacerbating 

the housing crisis. The nexus of these issues lies at the way we design and building housing. 

Specifically, housing needs to be cheaper, easier to build, more energy efficient, and less energy 

and resource intensive to construct. 

The problem exists at multiple scales within the context of constructing housing for those who 

lack it with greater care for the environment. On the large - or global - scale, housing needs to be 

made at lower cost and with a lower carbon footprint. This relies on changing the way building 

materials are sourced and manufactured. Manufacturing materials with a large carbon footprint 

and moving them to a site far away is part of the reason for the high energy usage and inefficiency 

of the construction sector outlined above. This supply chain adds time, emissions, and cost to any 

housing project, which is undesirable especially in cases of displaced migrants fleeing climate 

related natural disasters. Using local resources can help to mitigate these drawbacks, and leads to 

the next scale - the medium, or local scale. The regional context of the housing is very important 

to its design and materiality. Temporary housing for disaster relief, for example, is trucked in and 

assembled wherever it is needed. The housing crisis takes place in many different dissimilar 

regions with unique challenges. Housing design may not respond to the needs of a particular crisis. 

Housing in the US to mitigate the effects of natural disasters may need to be more permanent in 
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nature and account for wildfires or climatic factors of each region of North America. On the other 

hand, border housing for asylum seekers may need to accommodate families and be more social 

in nature, as well as take safety into account. This leads to the problem at the small – or building 

– scale. Temporary or permanent, most housing is not sensitive to immediate context, and does 

not take advantage of the vernacular materials and methods that could improve the performance 

of a dwelling. Housing that responds to climatic conditions is necessary to fully take advantage of 

the wide variety of sites where it is needed, to keep operating costs low and inhabitants 

comfortable. The excessive energy consumption by buildings – and the financial burden on already 

overburdened inhabitants – can be reduced with thoughtful design, easing the need for active 

heating, cooling, and lighting. 

Field of Inquiry: Responsive 3D Printed Housing 

The field of inquiry of this research starts broadly, of course, within the contexts of the dual climate 

and housing crises (Fig. 4). These are the broader framework through which everything will be 

examined. The problems outlined in the previous section and their remediation through better 

design is the goal of the research. The problems and causes related most to the specific context of 

architecture in the US-Mexico border region and the Sonoran Desert climate appear darker. Issues 

that contribute to climate change and environmental damage, such as construction waste, 

inefficient buildings, and the construction carbon footprint are of particular relevance to designing 

architecture with minimal climate impact. Asylum seekers, some of them climate refugees, are 

need of housing in the region, and cost is one factor in the housing crisis that architecture can play 

a large part in determining. These factors combine with others to create the general issues of 

climate change and housing, which leads back to the problem definition: There is a need for more 

affordable, sustainable housing in the world, and specifically in the border region. 

Figure 4: Field of Inquiry Diagram 
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One potential solution to this problem is 3D printing homes. This potential solution and its design 

aspects will be looked at through the lens of the housing and climate issues, to see how it might 

best help solve those issues, within the specific regional context of the US-Mexico border, focusing 

on the problem of migrant housing issues (Fig. 4) Zooming in, this research will pose 3D printing 

related solutions to the physical lack of adequate housing there. 3D printed construction can be 

thought of as having two main types of applications: the printing of prefabricated modules or 

construction materials to be used at a different location, and the printing of an entire building in 

one piece in situ, or on-site. While prefabrication has benefits and drawbacks, this research will 

focus on the design optimization of on-site printing. Responsive design that best addresses site, 

climate, and culture will be explored, in the specific context of printing on-site in the Sonoran 

Desert region. 

LITERATURE REVIEW: 3D PRINTED HOUSES AND RELATED TECHNOLOGIES 

AND TECHNIQUES 

Precedents: 3D Printed Homes in Concrete and Clay 

An examination of 3D printed houses and other buildings reveals some of the benefits and 

drawbacks of 3D printing homes, as well as the gaps that exist in the current technology. To 

analyze these precents, several criteria can be used to evaluate what the precents accomplish well, 

and what aspects may be lacking. The criteria evaluate how each precedent performs in terms of 

aspects that make houses environmentally friendly and suitable for helping to solve the housing 

crisis. Access to material is important for reducing the environmental impact of a house. Locally 

sourced materials and those that require less processing have smaller environmental impacts than 

materials that must be produced industrially and transported to the site. Carbon footprint is one 

related criterion. Better materials reduce the carbon footprint, as do improvements that reduce the 

energy usage of the home once completed. Efficiency is important in that reducing waste and 

Figure 5a: Habitat for Humanity 3D Printed House; 5b: Analysis of Habitat 3D 

Printed House 
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construction time. Homes to accommodate people displaced by climate disasters or other 

emergencies must be able to be completed quickly. Even homes for the homeless can take a long 

time to produce from drawings to completion, so speed can be important. Cost is also essential for 

housing disadvantaged people who have lost their homes or face other difficulties. Permanence 

and durability are another important factor in creating housing. Typical materials tend to create 

durable homes that last a long time, which reduces the environmental impact over the life cycle of 

the house. Novel materials may not be as durable and are relatively untested and may have 

drawbacks in terms of their suitability for construction. 

The first precedent is the 3D printed Habitat for Humanity house in Phoenix, Arizona (Fig. 5a). 

The first house 3D printed for Habitat for Humanity in the country, it was designed by a local 

architecture firm and printed by the company Peri 3D. As part of my research, I was able to 

personally visit the site of this house and talk to a representative for Habitat for Humanity to learn 

about the process that was used. This house was built for a disadvantaged family in Phoenix, 

printed using a Peri 3D printer that the company shipped from Europe to complete the house. The 

house was printed with a proprietary mix of concrete made by the company Laticrete, which is 

kept secret and must be manufactured and shipped to the site. This contributes to the overall carbon 

footprint of the house, as concrete is a very energy and resource intensive material to produce and 

ship. Moving the printer to the site also adds a considerable amount of carbon; for the house to be 

viable as a solution for the larger housing crisis, equipment would have to come from a local 

company instead. The spacious 2400 square foot house is 70-80% 3D printed, with traditional 

framing used for the roof and everything above 8’ in height (Habitat, 2020). This traditional 

framing adds some construction waste and man-hours, but the house is mostly printed and would 

be better in those areas than a traditionally framed house. The house went up quickly, taking 4 

weeks of total construction, but only 3 days of total print time. Only a few workers were required 

on site for printing, and a couple of them were operators for the printer trained by Peri 3D. Some 

human interaction is usually required for even the most automated 3D printed building 

construction, as elements like steel reinforcements and lintels cannot be added by the printer yet. 

Humans place these items as the house is built up layer by layer. As far as durability and 

performance, the house is expected to be just as durable if not more than a regular house and is 

very energy efficient. Insulation pumped into the walls, as well as the insulative properties of 

concrete keep the house cool in hot Phoenix conditions, and the building may be evaluated for 

LEED Platinum status, according to Habitat for Humanity. This house also showcases some of the 

design benefits of using 3D printing for housing. Bespoke features that would be labor intensive 

or cost prohibitive with normal methods are trivial to create with a 3D printer. The scalloped 

feature at the entrance to the house, the integrated kitchen counter, the built-in chases for utilities, 

and the shelf in the shower are all printed at the same time as the rest of the house, adding almost 

no time or effort. These features show that modifying the design of a house to be non-standard and 

including organic or complex design elements is easy with 3D printing. Overall the house is a good 

proof of concept for 3D printed housing for the disadvantaged. According to Habitat for Humanity, 

this house was very expensive to produce, since it was a first pass at the idea which required 

shipping machinery and materials from far away, relying on donations to make the house feasible 

for the residents to afford. In the future, they hope to rectify this by reducing costs and finding 

more efficient ways to build. The house may have a higher carbon footprint because of these 
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factors and its use of concrete, but it generates little waste and can be produced relatively quickly 

and with minimal labor. 

A bar chart  (Fig. 5b) illustrates how well the house performs regarding the criteria for evaluation 

discussed for each house. The higher bars are closer to what would be optimal for a 3D printed 

house which could help provide housing for the unhoused while reducing its impact on climate 

change. This house, for example, is very durable and easy to produce, but has larger environmental 

impacts and is cost prohibitive. 

Icon is another company in the 3D printed house sphere and has already printed dozens of homes 

in Mexico and Austin, Texas, where they are based (Fig. 6a). Similar to the Habitat for Humanity 

home, Icon prints homes using a concrete mix and their own printer. The material and printing 

hardware are proprietary, but the concrete formula is designed to be accessible and made with 

widely available resources, which could help mitigate the carbon footprint of manufacturing and 

shipping concrete (Icon Team, 2018). The design is the same in that the homes are mostly 3D 

printed and use a traditionally framed roof. The designs for low-oncome housing in Mexico also 

integrate some of the complex features that can easily be created with 3D printing, like curved 

corners. Icon was printed their houses for low-income communities in Mexico, homeless people, 

and have also printed more high-end houses (Icon Team, 2019). Their affordable projects costs 

around $4000-10,000 to print, making them extremely affordable and a viable option for producing 

a lot of housing affordably (Reggev, 2019). The houses can be printed in as little as 24 hours and 

the process is mostly automated, as with Peri 3D (Icon Team, 2019). Overall, their houses have 

similar benefits and drawbacks to the Habitat for Humanity project, though Icon has been 

producing 3D printed homes for a while and can print them quickly and cheaply, enabling 

Figure 6a: Icon 3D Printed House (New Story and ICON Unveil the First Permitted 3D-Printed Home, 

n.d.); 6b: Analysis of Icon 3D Printed House 
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disadvantaged people to afford them more easily (Fig. 6b). They are minimally labor intensive and 

extremely durable but have the drawbacks of a higher carbon footprint associated with some 

traditional construction and the use and transport of concrete. With the Icon and Habitat for 

Humanity projects, the carbon footprint can be very dependent on the location. Even with a carbon 

neutral material, shipping the large printing equipment between continents can have a large 

environmental impact, so this must be considered when evaluating how environmentally sound a 

design is. 

The Mud Frontiers project by Rael-San Fratello is the first precedent that attempts to use a locally 

sourced mud material to construct a building (Fig. 7a). Inspired by the Native American pottery 

traditions in the Southwest, the buildings were constructed from an adobe-like mixture sourced 

from the San Luis Valley in Colorado, near the original US-Mexico border (Rael & San Fratello, 

n.d.). The structures were printed with a custom Potterbot printer created in conjunction with 

3DPotter for the project. The designs are not finished houses but are almost entirely 3D printed 

and include some integrated design elements like built in benches and stairs (Fig. 7b).  It is smaller 

and more portable than some of the large printers used by companies to make houses, and the 

structures are intended to be simple and fast to execute. The project aimed to explore the idea of 

harvesting material on site and using it to construct buildings with minimal processing (Rael & 

San Fratello, n.d.). The material does not appear to undergo much refining, and the process appears 

fairly accessible. The buildings incorporated surface textures like their other ceramic printing 

projects that incorporate the weaving patterns of Native American craft into printed ceramics. In 

this case the undulating structure provides structural stability and air gaps which provide insulation 

within the interior of the printed structure (Rael & San Fratello, n.d.). Overall, while not 

permanently habitable, this project is an important exploration of locally sourced materials in 3D 

printed housing. The process has a very low carbon footprint, only needing to transport the small 

Figure 7a: Mud Frontiers Structure (Rael & San Fratello, n.d.-b); 7b: Analysis of Mud Frontiers 

Structure 
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printer to the site and mix some soil (Fig. 7b). The local mud material is an environmentally 

conscious choice, and these simple structures require little intervention and include no traditionally 

constructed elements. Dirt cheap to print, the main drawback is that they are not necessarily (nor 

are they intended to be) permanent structures. They may survive well in the right climate, but the 

mud material used may not be suitable for long term habitation, making the houses more of a proof 

of concept. 

The Italian 3D printing company WASP has developed a couple 3D printed houses which use 

locally sourced, environmentally conscious materials. TECLA House and Gaia are both projects 

created with earthen materials harvested from the building site (Fig. 8a). Soil is mixed with a 

binder and natural fibers and processed on site to create these dwellings (Chiusoli, 2021). The Gaia 

house goes into more detail on its material composition, was printed with a mixture of clay heavy 

soil (about 30% clay), rice husk, and lime (Chiusoli, 2019). Both projects claim to be carbon 

neutral and have almost no environmental impact. TECLA seems to use a less processed soil 

mixture and is purported to be entirely biodegradable and recyclable. The Gaia house took about 

10 days to print, and material cost was only about $1000, making the dwelling affordable and 

quick to erect (Chiusoli, 2019). The designs of WASP’s 3D printed houses utilize a similar 

undulating structure to Mud Frontiers, providing stability and effective air gap insulation. 

Combined with the thick earthen materials, the structure makes the houses effective at passively 

regulating their temperature, and WASP says they do not need active HVAC to be comfortable all 

year long (Chiusoli, 2019). TECLA House is not finished, and still needs some modular elements 

like windows and doors to be habitable, though it is almost entirely 3D printed. Gaia appears to 

use a wooden roof structure, and it finished and could be habitable. The buildings are a very refined 

attempt at printing with locally sourced materials, and WASP claims to have created mixtures that 

will at least be stable for several years. The process is supposedly carbon neutral, although 

transportation of the printer and the availability of suitable soils always have to be considered. 

WASP’s eco-friendly houses may be the closest to an ideal version of a 3D printed house that is 

Figure 8a: WASP TECLA House (3D Printed House TECLA - Eco-Housing, n.d.); 8b: Analysis of 

TECLA House and Gaia 
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quick to construct and uses environmentally conscious materials (Fig. 8b). If these houses prove 

to be durable, building them where the natural resources are available could provide affordable 

housing for many. 

Several companies have developed promising 3D printed house that can be constructed quickly, 

efficiently, and affordably. This is crucial for providing housing to those who may struggle to 

afford a place to stay, and for those who need housing in the aftermath of a disaster. 3D printing 

can construct houses in days rather than weeks, and for material costs of a few thousand dollars. 

Some of the precedents examined use a small amount of traditional framing for elements like the 

roof but utilizing 3D printing reduces the contribution to the waste stream significantly. 

Unfortunately there are still some drawbacks and gaps in the field of 3D printed houses. Concrete 

still has a high carbon footprint, requiring industrial processing that creates a lot of pollution, and 

shipping to a construction site, adding to the carbon footprint further. Rael-San Fratello and WASP 

have experimented with locally sourced earthen materials, and this is the eco-conscious type of 

innovation that will ultimately make 3D printed houses the idea climate and housing solution. 

However, none of these buildings are inhabited yet. Materials like adobe are not used to make 

modern buildings by themselves, and these earthen printed structures are relatively unproven and 

experimental. If these materials can be refined and used to print houses that withstand the test of 

time, it may be an ideal solution. Finally, though these houses take advantage of the benefits of 3D 

printing by adding custom features that could be difficult to create with traditional methods, they 

don’t fully utilize the benefits of the 3D printing platform. Undulating walls, infill airgaps, utility 

chases, and built-in seating elements showcase the versatility of printing, but infinite variations 

can be created in the structures that take into account conditions of the site such as climate and 

sunlight. This research will pose structures that can be printed from earthen materials, but also 

focus on creating designs that respond to climatic conditions and can use a wide variety of 

modifications to create comfortable and energy efficient dwellings. Using the versatility of 3D 

printing, creating a method to algorithmically generate designs that perform well in any climate 

will be paramount to creating housing for the unhoused in regions beyond the Sonoran desert and 

border regions. 
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3D Printing with Cementitious Materials: Technologies and Techniques 

3D printing houses is still an emerging field, and there are several key focus areas that need to be 

considered (Fig. 9). Materials is one important factor; printing with cementitious materials like 

concrete, clay, and adobe is still fairly novel, and requires different considerations than printing 

with plastic. Ideally, sustainable 3D printed house would use locally sourced materials like clay or 

adobe made from soil on site. Finding the best way to print with these materials and examining the 

factors that affect their 3D printing is key for designing a house with these natural materials in 

mind. Studies about the specifics of printing with cementitious materials like concrete and clay 

offer insight into how best to approach printing with these novel materials. Chen et al. examined 

the effect of layer height and layer drying time on the bonding strength between layers of a 

cementitious print (Chen et al., 2020). Using a 13.5mm nozzle on a cement printer, the drying time 

between each layer was varied from 20 seconds to 10 minutes, and the offset height for each layer 

was varied from 0mm to 10mm (Fig. 10).  

Figure 9: Focus Areas for 3D Printing Clay Houses 

Figure 10: Layer Offset Heights for 3D Printing Concrete 
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Figure 12: Porosity vs Print Height. Adapted by Author from (Chen 

et al., 2020) 

Figure 11a: Strength vs Layer Height  for Cast and Printed Concrete. Adapted by Author from 

(Chen et al., 2020); 11b: Strength vs Layer Drying Time for Cast and Printed Concrete. Adapted by 

Author from (Chen et al., 2020) 
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It was found that increasing layer height produced less accurate prints and decreased the tensile 

strength of the final print (Fig. 11a). 20 seconds of drying time increased the strength when 

compared to a cast control sample, and prints with increased drying time (Fig. 11b) performed 

worse than either of these (Chen et al., 2020). Chen et al. examined the samples on a microscopic 

level using x-ray computed tomography and found that the driving factor behind decreased 

strength was weaker layer adhesion caused by high porosity. Porosity was particularly high for 

high drying times at the layer boundaries of the samples (Fig. 12) , causing failure there (Chen et 

al., 2020). The solidification caused by high drying times resulted in poor bonding between the 

layers, just as it would for a thermoplastic print that had cooled too much. Conventional 3D 

printing knowledge also dictates that layer height should generally not exceed 80% of the nozzle 

diameter, and that too much offset will cause delamination of the layers. This appears to hold true 

for cementitious materials as demonstrated by Chen et al. 

The design of 3D printed objects is also a major aspect to be considered when printing houses. 3D 

printing is a technology that can fully take advantage of parametrically designed structures and 

Figure 14: 3D Printing Time for Parametric Bricks vs Rectangular Bricks. Adapted by Author from 

(Kontovourkis & Tryfonos, 2020) 

Figure 13a: Parametric Wall; 13b: Printed Sample from Wall with Hexagonal Infill (Kontovourkis & 

Tryfonos, 2020) 
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climate optimizations. Variations in the structure, like changes in infill density or shape, wall 

thickness, or shape, are trivial to print versus regular and orthogonal shapes. These designs should 

thus be optimized for the climate they are in, using parametric design to change the geometry of a 

building in relation to climatic factors on the site. These modifications can target material use and 

make printing these houses for disadvantaged residents more affordable than ever, while offering 

passive climate adaptions like the WASP projects demonstrated, but at an even more customized 

level. Research into utilizing 3D printing in ways other than constructing entire buildings offers 

avenues to broaden the scope of the materials and post processing used to enhance the performance 

of printed structures. Kontovourkis and Tryfonos demonstrated the ability to print masonry units 

for parametrically designed structures using robotics and earth and clay based materials 

(Kontovourkis & Tryfonos, 2020). Grasshopper was used to subdivide a parametrically generated 

wall (Fig. 13a) with complex surfaces into 3D printable units (Fig. 13b). They were successful in 

automatically generating toolpaths and printing various units from the wall, and found that it used 

less material and printed within 4% of the time of standard orthogonal wall  (Fig. 14) 

(Kontovourkis & Tryfonos, 2020). Automatically generating efficient toolpaths and reducing 

material use and print time can help to produce housing that is sustainable and affordable for those 

who cannot afford it or who are afflicted by climate and other disasters.  

Finally, the fabrication process for printing with earthen materials must be considered. Printing 

with these materials is different than clay. Bridging, where a printer prints over a gap, hardening 

the plastic and creating a “bridge,” is often not possible with cementitious materials. Retraction, 

or stopping the printer from extruding material, is also much more difficult with a fluid material 

than solid one. These differences must influence the design process, and the best methods for 

printing with clay must be determined. In fused deposition modelling (FDM) 3D printing, a solid 

object is sliced into horizontal layers. This can work with clay but leaves open the possibility of 

bridges and travel movements that can waste clay, create messy prints, and even damage the print 

by over extruding material. “Vase mode” is a feature some slicers can utilize, where only the 

perimeter of the object is printed in one continuous upward movement. This is ideal for clay, but 

to print a house, more complex designs with multiple walls and infill must be created. Additionally, 

creating a G-Code, or machine code file in a slicer software may not work for the printers used to 

create houses, least of all an industrial robotics platform like the Kuka robot, which interprets 

polylines, curves, and points. Cuevas & Pugliese demonstrate mays to design objects in the 

parametric design Grasshopper, a plugin for Rhino CAD software. Contouring an object creates 

Figure 15: Continuous Toolpaths for 3D Printing Clay (Cuevas & Pugliese, 2020) 
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slices like a traditional slicing software, but creates simpler, shell-like toolpaths that lend 

themselves well to 3D printing clay. This technique can be translated to flat surfaces that require 

infill patterns for stability or insulation as well. Contouring a surface and using Grasshopper scripts 

to connect the contour lines creates continuous toolpaths that can fill in the perimeter of an object 

(Cuevas & Pugliese, 2020). Creating these continuous toolpaths is ideal for this type of printing 

material and offers more control over the printing process than normal slicing software would (Fig. 

15). Starting with a solid object and creating a continuous toolpath based on polylines is the 

optimal design process for creating house designs that can be tested using a simple clay extruder 

on the Kuka industrial robot. 

Examining the material, design, and fabrication aspects of 3D printing houses, a design strategy 

can be formed. Printing parameters like speed and layer height are important for creating strong 

prints that could be used safely in a house. Binders can affect the final properties of an earthen 

material, as can post-consumer waste additives. Like the WASP houses, 3D printed houses could 

eventually consider these additives when designing for regional climatic conditions. Parametric 

design can create houses that can be modified in response to these local conditions, and algorithmic 

toolpath generation can ensure these houses can be created by 3D printers in similar timeframes to 

traditional housing, so that people who have been displaced by climate or other factors, or who 

just lack the financial stability to afford a home can be housed quickly and affordably.  With these 

factors in mind, the design and experiments in this research will focus on the optimization of a 3D 

printed house. A design strategy for creating houses that can be automatically generated with 

customized geometry that responds to the site conditions will be developed. This climate 

responsive parametric design will be created with adobe or clay-based 3D printing in mind. The 

ultimate goal is to create houses that target their material use effectively, generate little waste, and 

operate energy efficiently, so that housing created for the unhoused all over the world has a 

minimal environmental impact, and is affordable to build and operate for all. 
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 CLIMATE RESPONSIVE 3D PRINTING RESEARCH 

The literature reveals the great potential of 3D printed housing as a possible solution to the housing 

and climate crises. A design inquiry shows precisely what aspects of 3D printed housing can be 

leveraged for maximum eco-friendliness, and what peripheral areas also factor into the design of 

3D printed housing (Fig. 16). Choosing the proper materials, while not a part of the experimental 

research yet, are key to ensuring that 3D printed housing can utilize locally sourced materials and 

carbon neutral options to construct buildings with a low climate impact. This impacts the design 

strategy used to make these houses fabricable. Further environmental benefits come from the 

efficiency of 3D printing. With little material waste, 3D printed housing is a cleaner way to build. 

This research will primarily focus on the energy and comfort benefits of optimizing 3D printable 

house designs for local climatic conditions. Parametric design, which involves modifying the 

geometry of a design in response to stimuli, will be used to implement these optimizations. Designs 

will be responsive in that they will change based on the effects of local site conditions, such as the 

sun path and solar energy in this case. Ultimately, this climate responsive design will create 

buildings that passively regulate their temperature more effectively in a variety of environmental 

contexts. This leads to energy savings that are a key environmental benefit of this design strategy. 

Additionally, these responsive designs will target material use to areas where it is needed to 

increase thermal performance, further reducing material use and emissions. This can also help to 

improve response to the housing crisis, as cheaper and more efficient construction can allow 

organizations to erect more housing that is accessible for those who cannot afford housing in 

situations like displacement or homelessness. 

Figure 16: Design Inquiry Diagram 
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Design Hypothesis: Infill and Thermal Properties 

The designs generated by this research will look to optimize attributes of a house for varying 

climate conditions using responsive parametric design algorithms. Aspects like infill density in a 

wall, or the thickness of the wall can be modified. To perform well in hot climates like those in 

the desert climates around Tucson, a hypothesis was formed about the performance of different 

infill values for insulating a house from the heat. The hypothesis is that 3D printed objects with 

lower infill values will provide better insulation from hot climates. This is based on the fact that 

air is a more effective insulator than solids, which can transmit heat through conduction. Higher 

infill values provide many more conductive paths for heat, which could act as thermal bridges 

inside the wall. On the other hand, an air gap insulation can only transmit heat through small 

amounts of radiation or convection (Fig. 17). This leads to the theory that walls with large, 

enclosed airspaces – either thick walls with big spaces inside, low density infill patterns, or both – 

will provide protection from the desert heat near the US-Mexico border in southern Arizona. This 

Figure 17: Hypothesis on Insulative Properties of 3D Printed Infill Values 
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theory will be tested in the experimental portion of this research by studying the thermal 

performance of objects with different infill densities. 

 

 

 

 

 

 

  

Figure 18: Map of Clay Heavy Soils Near the US-Mexico Border. Adapted by Author from 

(Conservation Biology Institute, 2010) 
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Clay Materials and 3D Printing 

A large part of the climate conscious design strategy involves using earthen materials for 3D 

printing houses, like adobe that could be made of various clay heavy soils extracted near the 

building site. Adobe has been used for millennia in the Southwest in vernacular dwellings, so this 

would be an applicable strategy in this region and others that have traditionally made mud or adobe 

dwellings. Geological maps show that there are several regions in southern Arizona near the border 

that have clay rich soils, called Alfisols and Ardisols, that would be suitable for extracting and 

mixing into printable adobe (Fig. 18) (Conservation Biology Institute, 2010). After testing two 

types of extruders, a direct drive extruder powered by an electric motor, and a pneumatic extruder 

that uses a fluid dispensing system to extrude material, some of the problems with raw soil 

Figure 19: Pneumatic Clay Extruder and Kuka Robot 
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mixtures became obvious. Raw earth contains a wide variety of particle sizes and does not always 

mix with water to a smooth consistency. Printing with relatively unrefined adobe would be 

considered a novel system, which is relatively untested is not always reliable. The large particle 

sizes and inconsistencies with adobe mixtures clogged the electric extruder, which was too small 

and complex to extrude these materials effectively. For consistency when printing testable objects, 

it was determined that the pneumatic extruder, which had been used for printing ceramic materials 

in the lab previously, would be used (Fig. 19). To ensure that the objects printed to test the effect 

of infill on performance, porcelain clay was chosen for the material. This clay and extruder form 

the basis for the model system used for testing. In contrast to adobe, the model system has been 

shown to print reliably in the lab with proven technology. Additionally, the ceramic porcelain clay 

should perform similarly enough to the adobe, which is also composed of large amounts of clay, 

to make assumptions on how buildings printed from raw earth-based adobe mixtures will perform.  

Figure 20: Infill Generated with "Twisted Box Array" 



32 
 

To generate samples for testing the performance of various infill values, the design and fabrication 

aspects of 3D printing cementitious materials had to be considered. Objects were intended to be 

thin, square samples for measuring how well they insulate a space from solar gain resulting from 

direct sunlight exposure. The Kuka industrial robot performs best when given a single continuous 

toolpath, and this influenced the design of the test objects and the final housing design. The first 

attempt at designing a standardized square sample involved starting with a rectangular brick and 

intersecting it with a “twisted box array.” This array is a stack of cubes created by the Pufferfish 

Figure 21c: Dense Grid Support Layer of Printed 

Test Sample 

Figure 21b: Grid Infill Layers of Printed Test 

Sample 

Figure 21a: Concentric Top and Bottom Layers of 

Printed Test Sample 
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plugin for Grasshopper. It stacks boxes within the boundary of an object, which can then be 

Boolean intersected with object. Only the boxes within the object remain, forming a sort of 

rectilinear grid infill (Fig. 20). This grid infill can be adjusted by changing the orientation and scale 

of the twisted box array in the Grasshopper script. The initial idea was to break up a structure into 

component boxes and change the infill properties based on the amount of solar radiation that 

needed to be compensated for. This works satisfactorily but did not result in a toolpath that could 

be easily interpreted by the Kuka, instead resulting in complex intersecting surfaces. Processing 

these intersections was also computationally intense and took too long to be practical even on a 

powerful computer.  

The second method of creating test samples focused on the contouring method of fabrication for 

clay printing. Staring with the same box, the outside was contoured using the Grasshopper 

parametric design software. The resulting curves could be stacked to print a clay box layer by 

layer. The samples needed to be airtight for testing, so as not to allow heat to transfer in and out 

of the box by any other method than through the clay material and sealed airspaces within. Top 

and bottom layers were created by contouring the first and last layers in a concentric fashion (Fig. 

21a). Infill, which could be modified by changing the distance between the infill curves, was 

created by contouring the interstitial layers in one direction, and then the other (Fig. 21b). This 

resulted in a grid infill that could be adjusted to create larger or smaller air spaces inside. A further 

modified version of this script was created to compensate for the top layer drooping through the 

Figure 22: 55%, 75%, and 85% Infill Samples, From Left to Right 
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infill as a result of the fluid nature of undried clay. This created messy prints with air leaks, but a 

denser layer of infill on the penultimate layer created a more solid surface for the top concentric 

pattern to lay down on (Fig. 21c). 

Traditional slicer software modifies the infill density of a print based on a percentage value. This 

is the percentage of the interior space taken up by infill. 0% is no infill, 100% is solid. The 

Grasshopper script used millimeter distances but based on the extrusion width of the clay extruder 

– about 4mm – the resulting volume taken up by the infill can be calculated. The samples were 6” 

tall by 6” wide by 1.5” thick. The infill lines were spaced at 15mm, 30mm, and 40mm for each of 

three samples. Based on the extrusion width, the resultant infill percentages would be 85%, 75%, 

and 55% respectively (Fig. 22). The samples were air dried and not fired, so that they might 

perform more similarly to a traditional adobe block, which is not fired but dried in the sun for a 

period of time before use. 

Figure 23: Testing Apparatus Diagram 
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 Infill Thermal Testing Experiment 

To test the printed samples, a testing apparatus was constructed (Fig. 23). It was composed of two 

nested boxes of 1” foil faces insulation foam, with a 1.4” air gap in between. The interior air space 

was approximately 1 cubic foot. Expanding foam was used to seal the boxes and make sure they 

were airtight. A frame of the foam was cut for each sample, which was affixed inside the frame 

with expanding foam and silicone caulk. The frame was secured to the box for each test. Inside 

the box, a DHT11 temperature sensor measured the ambient air temperature inside. A 10k 

thermistor was affixed to the inside surface of each sample to measure its surface temperature as 

well. An Arduino datalogger collected measurements at 30 second intervals for the duration of 

each test period. The apparatus was placed outside in an area of full sunlight, at a 45-degree angle 

for maximum sun exposure (Fig. 24). Data was collected from sunrise to sunset, or about 12 hours 

total, on three days with nearly identical weather conditions. All three testing days were 

approximately 80 degrees Fahrenheit and sunny (Past Weather in Tucson, Arizona, USA, n.d.). 

Once data for all three samples was collected, results were compared to see if any infill value kept 

the inside of the box cooler by insulating it more effectively from direct solar gain in the desert 

sun. 

 

 

 

 

 

Figure 24: Testing Location and Apparatus 
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Results 

The air temperature measurements showed a clear progression of increasing effectiveness for 

lower infill values. The low infill, or 55% infill sample displayed the lowest peak temperature by 

more than 5 degrees Fahrenheit. The medium, or 75% infill sample displayed a higher temperature, 

and the high, of 85% infill sample was higher still (Fig. 25). Additionally, the low infill sample 

also may have had a slightly slower response to temperature change as well; this buffer time is 
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Figure 26: Testing Apparatus Inside Air Temperature vs Time of Day 

Figure 25: 3D Printed Sample Inside Surface Temperature vs Time of Day 
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something that could be tested further to determine other thermal properties such as heat 

capacitance. The inside surface temperature of the samples had similar results, with the low infill 

value displaying the lowest peak temperature by more than 5 degrees Fahrenheit again (Fig. 26). 

The medium and high infill samples performed about the same regarding surface temperature, but 

the low infill sample performed best.  

Table 1: Temperature Results 

 

 

 

 

 

 

The results of the thermal testing ultimately support the hypothesis that lower infill values and the 

resultant large airspaces inside a wall will provide better performance in hot desert climates by 

insulating the space from solar gain. The range of peak temperatures shows that the different infills 

can cause variances in inside temperature of 5-10 degrees Fahrenheit, though the average 

temperatures are within a couple degrees (Table 1). The small range of average temperatures may 

be accounted for by larger variances in the beginning of the measurement period when the box 

was opened and subjected to varying conditions and not kept stable by the insulating foam. 

 
Low Infill Med Infill High Infill Range 

Max Air T 116.8 120.7 122.5 5.8 

Avg Air T 90.7 92.0 95.1 4.4 

Max Srf T 117.8 124.3 123.8 6.5 

Avg Srf T 91.0 92.3 93.8 2.9 

Figure 27: Solar Radiation Energy Analysis for Parametric Design 
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DESIGN WORK: CLIMATE RESPONSIVE PARAMETRIC HOME DESIGN 

The climate adaptable 3D printed house design began with inspiration from a vernacular Mexican 

housing typology. These rounded houses date back to the Mayans, and have been built out of sticks 

or adobe, with a thatched roof (The Architectural League of New York, 2018). The design still 

influences some housing designs in Mexico today. The adobe construction with the stick framed 

roof created a parallel between the 3D printed houses that use a cementitious material for the shell 

of the house and lumber for the roof. Additionally, the house offered a simple and easy to modify 

shape as a starting point for the responsive design. 

To determine how to adapt the houses geometry to the climatic conditions of the site, a weather 

analysis plugin for Grasshopper called Ladybug was used. This plugin can analyze a surface based 

on weather data taken at a real location and determine the amount of solar radiation energy that 

falls on various test points on that surface (Fig. 27). The Ladybug generated sun path of a certain 

location and time of year is one common point of analysis that is useful for designing buildings 

with passive solar strategies in mind. This is useful for determining how much solar heat gain a 

house may experience at different locations. One weather data location close to the border was 

Bisbee, Arizona. While not technically in the Sonoran Desert climate, but rather the Chihuahaun 

desert climate, finding a location that is close to the US-Mexico border where migrants may lack 

adequate housing while waiting to be granted asylum was important. This theoretical location near 

Bisbee was used as a test site to adapt the house to local climate conditions. 

The Ladybug analysis process involved first taking measurements at each of the test points on the 

surface of the house. Some areas, for example those under the overhang of the traditional roof or 

the north facing sides of the house, received a lot less solar energy. The first attempt at utilizing 

this data created a box for each test point on the surface, using the “twisted box array” method 

discussed earlier to vary the density based on the amount of radiation received at each respective 

test point (Fig. 28). This worked as it did for the test samples, but again lacked a straightforward 

way to generate a toolpath that a printing platform like the Kuka could be programmed to use. 

Figure 28: Infill Generation for House with Twisted Box Array 
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The second attempt to create a responsive housing design used a modified version of the 

Grasshopper script used to generate the 3D printable infill samples. This method used Ladybug 

analysis points on the structure, but instead used the intensity of the radiation at each point to 

modify the contour curve of the house shape. The base of the structure formed the first contour 

curve. This curve was divided into 200 segments, and each of these segments was correlated with 

the closest radiation test point to it (Fig. 29). The method of modifying the house’s geometry to 

respond to climatic conditions involved moving the outer surface of the wall based on the radiation 

test points. The more solar radiation energy a point on the structure received, the more the wall 

was thickened at that point. A thicker wall will be able to absorb more heat, but more importantly, 

thickening the wall will make the air spaces within the wall larger, improving the insulative 

properties of the wall at that point based on the hypothesis tested previously. 

The wall is filled in with a zig zag infill pattern by connecting the inner and outer curves, resulting 

in thick walls with more air space where the structure will receive the most solar radiation energy. 

This should, in theory, keep the interior of the house cooler in the hot desert conditions, making 

the occupants more comfortable and reducing the operating costs of the house by lowering the 

cooling load on the house that requires active HVAC solutions. Once the house geometry has been 

adjusted based on the solar analysis, the contours are arrayed upwards to the height of the building. 

The Grasshopper script connects and combines the continuous layer toolpaths into one long 

multilayer toolpath that could be printed continuously. 

  

Figure 29: 3D Printing Toolpath Generation Using Solar Radiation Responsive Design 
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Design Results  

To test the climate responsive design script, several different properties of the house and location 

were modified to see the response the geometry would have. One basic example involved taking 

two identical houses at the Bisbee, Arizona location and rotating one 45 degrees (Fig. 30a). The 

other had the broad sides facing North-South. Analyzing based on February conditions, the houses 

displayed a lot of wall thickening along the southern facing parts of the house. During the winter 

the sun is lower, so the houses actually receive more direct sunlight exposure on their walls (Fig. 

30b). Comparing the automatically modified geometry, the rotated house had some thickening 

along the southwest facing broad side, but the southern corner of the house was very thick, as this 

is where most of the sun exposure occurred (Fig. 31a). The orthogonal house was thickened more 

Figure 30a: House 1, Bisbee, February Optimization, 45° Rotation; 30b: House 2, Bisbee, February 

Optimization, 0° Rotation 

N 
N 

Figure 31a: House 1; 31b: House 2 
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drastically than the rotated house, as its broad south side received a lot of sun exposure for most 

of the day (Fig. 31b). With the broad side not oriented along the sun path, it makes sense that the 

rotated house would receive less exposure overall and require less material to mitigate solar heat 

gain (Fig. 31a).  

Of course, using the wintertime solar analysis to generate the geometry was just an example. In 

the Southwest region, houses need to be optimized for the climatic conditions during the 

summertime. This is when it can be over 100 degrees Fahrenheit regularly, and houses will receive 

the most substantial solar gain. One orthogonal house and one rotated 45 degrees were examined 

again, this time for August in Bisbee, Arizona (Fig. 32a-32b). Examining the solar analysis, the 

roof may help block more of the high summer sun, but the areas that are still exposed will received 

a much larger amount of solar energy (Fig. 32a). The results are similar to the first test; the southern 

facing sides of the house are thickened more, but the difference is that the ends of the houses are 

much more substantially modified than any portion of the house optimized for winter solar 

conditions. During the morning and afternoon, the sun will be directly shining on the ends of the 

Figure 32a: House 3, Bisbee, August Optimization, 45° Rotation; 32b: House 4, Bisbee, August 

Optimization, 0° Rotation 

N N 

Figure 33a: House 3; 33b: House 4 
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house, and they will receive more direct solar radiation, resulting in much thicker walls. The 

sections of each house facing southeast and southwest, where the sun will shine most, are 2-3 times 

as thick as the base wall, thought the entire south faces receive some thickening as well (Fig. 33a-

33b). 

The goal of this research is to not only create a house that can perform optimally when constructed 

at any orientation or in any shape, but to create a house that could be constructed with locally 

sourced materials anywhere there are unhoused people. Cities in every climate zone around the 

world have homeless populations, and climate related natural disasters are occurring with greater 

frequency and intensity everywhere. While it might be wiser to optimize a house in a colder climate 

N 

Figure 34: House 5, Edmonton, AB, Canada, August Optimization, 0° Rotation 
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to maximize solar gain over the winter, it is useful as a point of comparison to show how two 

houses in different locations will respond when shape, orientation, and analysis period are kept the 

same. Wildfires are destroying towns up and down the west coast of the United States and into 

Canada (Zoledziowski, 2021). A weather file from Edmonton, Alberta, Canada, was used to 

analyze identical houses there and in Bisbee, Arizona, and compare the results (Fig. 34). The 

houses both had their broad sides facing North and South and were optimized to minimize solar 

gain in the summer. Comparing the sun paths, the sun in Canada is much lower all year due to its 

higher latitude. This resulted in a house that had much more thickening along the southern face 

than the one in Bisbee. The Bisbee house, displayed previously (Fig. 30b), had a thicker south face 

and very thick ends. In Canada, the same house had a south wall 4-5 times thicker than the north 

wall, and southeast and southwest corners that were thicker still (Fig. 31). Overall, the responsive 

design automatically accounted for the much greater direct exposure of the house over the course 

of a summer day, compensating for the increase in solar energy gain accordingly.  

Material Testing with an Optimized 3D Printed Home Design  

After creating several iterations of the climate responsive house design, a section of the wall was 

taken to print at nearly full scale. A section of the toolpath was cut from the overall building design, 

and the layers were manually connected to create a printable wall section. The section was about 

8-12” thick and given that a standard CMU block is 8” thick, this could possibly be representative 

of a full-scale piece of a 3D printed house. While porcelain clay was used as a model system for 

the thermal test samples, the wall section was printed with an adobe mixture to stay true to the 

original concept of using local soil as a source for the materials. Using clay rich soil mined in 

Figure 35: Wall Section Printed Using Adobe Mix 
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Arizona, as well as some clay additives, a printable mixture was made. The resulting mixture was 

about 30% clay soil, 30% porcelain clay, 25% bentonite clay powder, and 5% cement. The clay 

soil was sifted to remove large rocks to make it more easily extrudable. As this adobe printing is a 

novel system, it is much less reliable and consistent than printing with only porcelain clay. A larger 

nozzle, about 6mm in diameter was used to print this material, because the course particles in the 

soil resulted in clogs previously when using the pneumatic and electric extruders. The test print of 

the wall section was ultimately successful in displaying how the printed house could look when 

the design is executed using local soil-based materials (Fig. 35). Unfortunately, the mixture 

displayed significant shrinkage and cracking when air dried over the course of several days. This 

is likely a result of the bentonite clay powder, which has a high-water absorption, and thus tends 

to shrink more than other types of clay when drying (Dehn & McNutt, 2015). Because of this, it is 

not typically used in applications like pottery, and might be substituted for a different clay type. 

The material composition was not the focus of the research at this time, and has a long way to go, 

Figure 36: Direct Drive Electric Clay Extruder Prototype 
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but the designs have proven to be printable with materials containing clay soil from the Southwest 

region. 

FUTURE WORK  

There are several aspects of this research into the climate optimization of 3D printed designs that 

could be expanded on in the future. Additionally, the material aspects of the research are the next 

area to refine once the design work is solidified. The thermal testing on porcelain clay samples is 

a start in determining how printing parameters affect the performance of a structure, but there are 

many more areas that could be explored. More tests using more infill percentages can help ensure 

accurate results. Increasing the testing timespan to multiple days and running tests concurrently 

using multiple apparatuses can also ensure results are accurate. This information could help show 

how different infill percentages perform over long periods of time, examining the heat capacitance 

of the samples, and showing how they regulate temperature over multiple day and night cycles. 

Learning about the heat capacitance could be useful for designing mass walls for delayed heat 

release during cold desert nights or optimizing structures to retain heat in colder climates. Varying 

conditions could also offer more insight; testing in the summer when the heat is most intense could 

help to determine the effectiveness of these print parameter modifications more accurately. 

Different climates could be tested to aid in optimizing the structures for areas where housing must 

be designed to be comfortable and energy efficient in vastly different climatic conditions. With 

more control over the printing parameters, aspects of a print such as extrusion rate could be tested 

for their effects on thermal performance. With more design work, samples with self-shading 

designs, evaporative cooling adaptions, or other complex structures would be tested. 

Some of these tests, like the effect of extrusion rate on the performance of a printed object, need 

further innovation regarding the extrusion technology itself. One area of the research that has not 

yet been implemented is the design for a direct drive extruder, that can adjust the extrusion rate of 

the clay materials using an auger screw and an electric motor (Fig. 36). Presently, the pneumatic 

extruder was the model system used for its reliability and consistency, as well as the fact that the 

digital interface on the Kuka which was supposed to control the extruder was damaged. However, 

the extruder was able to change its speed based on modifying the value of the signal from the Kuka 

robot, which could be implemented in future prints to control the speed of extrusion, or even to 

stop and retract to a certain degree. This opens up many possibilities in controlling the printing of 

clay materials more finely and optimizing for climatic conditions with more precision.  

As the test print of an optimized wall section showed, better adobe mixes will be a major part of 

further research into sustainable housing using locally sourced materials. The jar test(REF) proved 

useful in determining the approximate clay composition of soil used in printing, but the soil was 

not able to be used on its own, and probably requires refining on site to be useful for 3D printing 

buildings. Ball milling or another method of reducing the coarse particles in the mix may help with 

printability, but extruders for printing entire buildings will be much larger and able to handle less 
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refined materials. Actual testing on the strength, shrinkage, thermal properties, and other aspects 

of various ratios of soil and additives will help determine what mixtures are ideal for printing.  

Geologic mapping can help to determine where suitable soil resources are located, and while they 

may not always be within the site of the building, using regionally sourced materials can still help 

reduce the carbon footprint of a structure. If materials literally on site are to be used, some form of 

testing will be needed to determine the viability of the material for printing and what additives 

need to be used in what quantities. 

Finally, improving the parametric design script in Grasshopper can help to apply the current 

research more effectively. The method changing the wall thickness indirectly results in large air 

spaces that should, in theory, improve the thermal performance in areas that receive high amounts 

of solar radiation. However, providing direct control over the density of the infill pattern, and 

allowing control over parameters such as the pattern type of the infill (e.g., grid, zigzag, etc.) may 

be able to apply the conclusions regarding insulative properties more effectively. Generating 

toolpaths for complex objects like houses is different than for simple objects like boxes, and 

improvements can be made. Adjusting the control of the extrusion rate in response to climatic 

conditions is also an important next step. 

CONCLUSION 

Architecture and construction currently play a large part in the climate crisis. The way buildings 

are designed and constructed needs to be improved to prevent climate change from running out of 

control. At the same time, solving the housing crisis for all those in the world who currently lack 

adequate housing is a massive undertaking and traditional methods of construction are untenable. 

3D printing in architecture is a promising technology that can reduce the waste, carbon footprint, 

and energy cost in construction. Currently, 3D printing offers advantages but still has major 

drawbacks, particularly the large environmental cost of concrete used in 3D printed buildings 

today, and material and equipment transportation costs. There is still research needed before 

buildings can be reliably printed with locally sourced, eco-friendly materials, but the industry is 

getting closer to this goal. In the meantime, design strategies to improve the performance of 3D 

printed buildings can be applied to help make housing cheaper to build for disadvantaged people 

affected by the housing and climate crises. Parametric design lends itself perfectly to the 

adaptability and design freedom of 3D printed architecture and allows for buildings to be easily 

customized for the situation at hand. By combining novel materials with design optimization, 

architecture can reduce its climate impact while providing housing that is operationally cost-

effective, comfortable, and suited for any climate context.  
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Appendix A - Parametric House Design Results 

Bisbee, Arizona, February Optimization, 45° Rotation 
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Bisbee, Arizona, February Optimization, 0° Rotation  
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Bisbee, Arizona, August Optimization, 45° Rotation  
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Bisbee, Arizona, August Optimization, 0° Rotation  
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Edmonton, Alberta, Canada, August Optimization, 0° Rotation
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Appendix B - Weather on Testing Days 

 

 

(Past Weather in Tucson, Arizona, USA, n.d.)  

55% Low Infill 75% Medium Infill 85% High Infill 
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Appendix C - Evaporative Cooling 

Figure 37: Cool Brick by Rael San Fratello (Rael & San Fratello, 2015) 

Figure 38: Section of Jed Laver's Ceramic Wall Unit, (Laver, 2008) 
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Rael-San Fratello has another project utilizing 3D printing for masonry construction units – Cool 

Brick (Fig. 37). A 3D printed brick takes inspiration from evaporative cooling methods used 

historically in the Middle East to passively cool dwellings (Rael & San Fratello, n.d.-a). The brick 

does not take advantage of parametric design but does use an open, porous structure to allow water 

to run through the increased interior surface area of the brick and passively cool a structure, as 

well as taking advantage of self-shading geometry to shield much of the brick from direct sunlight 

(Rael & San Fratello, 2015). 

CAPLA Graduate Jed Laver’s Master’s thesis on high performance building envelopes using 

ceramic units also inspired the creative use of ceramic materials to reduce labor and improve 

thermal properties. Created using a ceramic press, his design (Fig. 38) took cues from the natural 

adaption of desert plant and animal species to create a building unit that passively cooled with a 

combination of evaporative cooling, self-shading, and convection (Laver, 2008). He found that a 

wall constructed of the ceramic units was particularly good at regulating temperature swings versus 

traditional CMU construction and was very cost effective to produce. Creating building materials 

tailored to the environment is where rapid prototyping like 3D printing excels and combining this 

sort of climate adaptive design with the infinite customizability of 3D printed dwellings could help 

construct buildings to suit their environment with minimal labor and environmental cost. 
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Appendix D - Clay Additives 

Figure 40: Thermal Conductivity vs Waste Additive % in Bricks. Adapted by Author from 

(Limami et al., 2020) 

Figure 39: Effects of Additives on Thermal, Hydro, and Strength for Earthen Bricks. Adpated 

by Author from  (Hany et al., 2021) 
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Figure 41: Strength and  Water Absorption vs Waste Additive % for Bricks. Adapted by Author 

from (Akinyele et al., 2020) 
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Additives can enhance the mechanical and thermal properties of printable clay for use in 

architecture applications. There is a wealth of research on various eco-friendly additives to clay 

bricks that may be applicable to 3D printed clay structures as well. Often these additives come 

from industrial or post-consumer waste, reducing waste and carbon emissions while potentially 

enhancing the properties of the bricks. Hany et al. compared various industrial wastes in 

compressed earth bricks as a replacement for cementitious binders. It was found that while many 

of the additives did not produce bricks that surpassed the compressive and flexural strength of 

cement, most decreased thermal conductivity (Fig. 39) while still meeting the standards for 

construction materials in various countries (Hany et al., 2021). These additives also did not reduce 

the water absorption properties of the bricks. Limami et al. examined the thermal properties of 

similar waste additives HDPE and PET on fired bricks. Increasing amounts of plastic granules 

decreased thermal conductivity (Fig. 40), with the largest grains performing the best (Limami et 

al., 2020). The waste also produced bricks with higher thermal inertia, which is important for 

stabilizing interior temperatures in a dwelling and releasing heat on a delay to thermally regulate 

the space and reduce temperature swings. The research linked the enhanced thermal properties to 

increased porosity (Limami et al., 2020). Akinyele et al. examined the strength and water 

absorption properties of fired clay bricks containing post-consumer recycled glass and PET 

granules. Both types of waste improved the shear strength and reduced water absorption of fired 

clay bricks (Fig. 41), and glass improved on the compressive strength (Akinyele et al., 2020). 

Water absorption is a key property for the stability and lifetime of bricks, and reducing it is key 

for high performance ceramics in wetter environments. 
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