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ABSTRACT  

 

Although earth-based building materials have a variety of advantages in terms of environmental 

concerns of buildings, they require intensive labor to achieve the desired efficiency in construction 

time, cost, and quality. However, advanced and innovative construction technologies provide ease 

of construction with less labor, high quality, and less time. Furthermore, the development of robotic 

technologies in the construction industry offers unique and unlimited application methods. They 

also demonstrate the potential to broaden the limits of architectural design. This study mainly aims 

to explore earth-based building materials used with digital fabrication techniques for construction. 

It focuses on digital fabrication strategies for the construction of earth-based materials and the 

potentials and obstacles they provide. First, a systematic understanding of the earth-based building 

techniques is set forth through traditional, contemporary, and innovative perspectives. In this 

context, the background, development process, and future of robotic and digital fabrication 

technologies used with earth-based materials are examined following the footprints of existing 

applications. The potentials and disadvantages are then defined for future studies focusing on 

digital production techniques of earth-based building materials. In conclusion, the research reveals 

the capabilities of advanced digital processes within earth-based construction to produce cost-

effective, self-constructed, sustainable design solutions by combining innovative digital fabrication 

techniques with local traditional materials. 

 

Keywords: Earth-Based Building Material; Digital Fabrication; Robotic Fabrication; 3D Printing; 
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1 INTRODUCTION  

 

Earth has long been the most common building material used in the regions with hot-dry and 

temperate climatic conditions. Even today, one-third of the world's population lives in earthen 

buildings, which is higher in developing countries [1]. It has proven that it is challenging to meet 

the significant housing needs of emerging economies with industrial building materials such as 

brick, concrete, and steel or with industrialized construction methods. However, the earth is the 

most abundant natural building material and is found almost everywhere. It is often taken directly 

from the construction sites by gathering from excavation works.  

 

Architects and engineers are slowly transferring to digitally controlled production processes that 

provide options for achieving the required efficiency and complexity of the building form [2]. 

Since the 1980s, the term “digital fabrication” has been used in the construction industry [3]. 

However, in the last decade, the use of digital manufacturing technologies in the construction 

sector has increased by leaps and bounds. In general, digital manufacturing processes in 

construction include four main methods, which are subtractive, additive, formative, and assembly. 
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Additive manufacturing technologies, mainly three-dimensional (3D) printing and robotic 

fabrication, are becoming increasingly popular in modern industries. They offer a wide range of 

applications together with technical and environmental benefits for various industries [4]. Studies 

have shown that a well-developed digital/automated process can significantly benefit the 

construction industry by increasing planning flexibility and productivity [5]. The construction 

industry is researching and developing digital manufacturing processes for large buildings and 

building components to benefit from these features. Today, the competition to build a fully 

automated construction process continues [6]. Some museums and galleries worldwide showcase 

digitally fabricated prototypes of full-scale building components, furnishings, and structures. Some 

universities and companies are also rapidly developing 3D printing processes to build full-size 

structures. 

 

The construction industry is responsible for over 40% of global energy consumption and 

greenhouse gas emissions. Moreover, 50% of the raw materials processed worldwide are used in 

construction, while cement production is responsible for 5-8% of global CO2 emissions [6]. These 

facts have created an urgent need to reduce the environmental impact of modern construction, 

which has led scientists to research alternative and more sustainable building materials. This 

research trend has caused the discovery and use of earthen building materials as alternatives to 

cement-based construction, which is associated with high CO2 emissions, high energy use, and the 

depletion of natural resources resulting from their use. Unlike concrete, earth-based materials are 

usually a combination of earth and water, mixed with fibers occasionally, which have considerable 

thermal mass, resulting in efficient passive thermal performance [7]. Earth-based building materials 

are also much cheaper than other typical building materials such as concrete and masonry. 

However, earthen building materials are becoming less common in modern construction as 

concrete offers greater strength, faster construction methods, and is less labor-intensive. While 

concrete, timber, and masonry construction methods are undergoing a revolution with the 

development of digital manufacturing techniques such as 3D printing and robotic fabrication, 

earthen construction remains one of the least explored construction methods [8]. However, 

significant environmental benefits can be achieved by integrating digital manufacturing processes 

with earth-based building materials.  

 

This research aims to recapitulate and analyze the current state of research on the digital fabrication 

of earthen structures, focusing on fabrication techniques as sustainable building methods. It also 

intends to provide a better understanding of the challenges that hinder the process of introducing 

this new construction method on an industrial scale. The paper begins by providing the basic 

knowledge of the traditional and contemporary earth-based construction techniques. Then selected 

case studies are examined within the context of innovative robotic fabrication approaches. Finally, 

a brief analysis for future studies is set forth to construct earth-based materials such as adobe, cob, 

and rammed earth through innovative applications. The outcomes of this research will help to fill 

knowledge gaps and provide essential information for the effective use of earth-based materials and 

digital processes in future construction. It is also aspired to encourage stakeholders to make better-

informed decisions and explore further research and implementation of other digital techniques in 

the buildings.  

 

2 TRADITIONAL EARTH-BASED CONSTRUCTION 

 

Earthen architecture, as a subset of vernacular architecture, is a building style based on local 

materials, requirements, and the skills of local builders, in which buildings are constructed from a 

combination of earth and water and occasionally organic fiber [9]. Earth materials have been used 

in construction by following these basics for thousands of years. Earth-based construction 

incorporates various approaches. The main differences between these approaches lie in the 

combinations of materials and the characteristics of the building process [10]. The most applicable 

classification is based on the distinction between wet and dry compaction methods for producing 

earth-based mixtures and shaping the geometries [11].  
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The wet compaction approach explains the preparation of earth mixtures in a plastic state with a 

relatively high moisture content to increase mechanical strength through curing and compaction 

during the drying and shrinking processes until the appropriate moisture content is reached. For the 

dry compaction method, the earth mixture is put at the optimal proctor water content, and 

mechanical strength is given by compaction densification. The wet approach is used for adobe 

bricks, clay plaster, and cob, while compacted earth blocks and rammed earth components are 

produced using the dry approach [11]. 

 

Earth-based materials increase sustainability due to the relatively low energy input in material 

production and construction processes. Some studies have shown that most earth-based building 

techniques have relatively lower embodied energy than typical building materials such as concrete 

and masonry [12]. Indoor thermal comfort is another energy-saving property. Due to their 

considerable thermal mass, earthen buildings have long been thermally efficient, resulting in a 

delayed temperature cycle from the outdoor to the indoor environment [13].  

 

3 CONTEMPORARY EARTH-BASED CONSTRUCTION 

 

A modern building must have excellent quality in terms of detail, precision, workmanship, and 

repeatability. Therefore, the building process should benefit from the latest technological advances 

in equipment and materials [14]. Contemporary earthen buildings can be divided into two 

categories based on their construction methods. In the first category, modern mechanical machines 

powered by fuel or electricity are used in the construction process for material handling, mixing, 

pumping, casting, pressing, and mold making. Around the world, there are new examples of 

earthen buildings that meet the modern criteria described, where the construction process uses 

modern technology and the building offers excellent quality, increased performance, and up-to-date 

aesthetics [8]. Digitally fabricated earth-based construction is the second type of contemporary 

earthen construction. It involves the use of one or more digital fabrication techniques. The use of 

digital fabrication techniques in construction has increased over the last 20 years due to the search 

for more complex forms with less labor-intensive and faster construction processes [2]. In general, 

digital manufacturing processes can be divided into two categories as two-dimensional (2D) and 

three-dimensional (3D) [3]. 2D includes cutting technologies such as laser and waterjet nozzles, 

where the mechanical motion of the cutting head nozzle involves biaxial motion. 3D manufacturing 

processes are divided into four types: additive, subtractive, shaping, and assembly. 

 

The use of digital fabrication techniques in modern construction, mainly automated manufacturing 

technologies, offers three key sustainability benefits [6]. First, material and resource efficiency in 

the manufacturing process is improved, with 25-60% material reductions and 30% time savings 

compared to conventional production methods. Secondly, it increases the predicted service life of 

the product as maintenance and renovation become easier than as it is in traditional construction. 

Third, it improves value chains by making production and supply networks simpler, shorter, and 

more local. On the other hand, the realization of these benefits depends primarily on the size and 

complexity of the construction project [15]. For small and/or simple projects, traditional 

construction methods are superior to digital approaches in terms of cost and even environmental 

efficiency. The innovative digital construction industry is enthusiastically shifting to cement-based 

practices, backed by leading cement manufacturers [15]. Combining digital manufacturing 

processes with earth-based materials allows for the sustainable and clean production of an 

alternative to compete with or replace some of the digital construction market share currently held 

by cement-based products [16]. While digital technologies typically promise to reduce the 

environmental impact of construction, the use of cement/concrete always harms the environment 

and thus the sustainability of future development.  
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4 EARTH-BASED CONSTRUCTION WITH DIGITAL FABRICATION 

 

Integrating local natural materials into digital building processes was first proposed in 2004. The 

contour-making technique, now known as 3D printing, is also introduced simultaneously [17]. 

Numerous ideas have been developed for dwellings that can be manufactured remotely and 

autonomously using 3D printing technology and locally available materials. 3D printing technology 

is capable of producing both structural components and finishing. This novel technology was 

deemed suitable for construction on Earth and even on the Moon or Mars. Using 3D printing 

technology for space exploration emerged in 2010 [18]. The feasibility of 3D printing lunar 

regolith has been investigated to build future lunar habitats. Ash from the Bolsena volcano in Italy 

was used to create a facsimile of lunar regolith on Earth. The potential of these applications and the 

demand for more ecologically sound building materials have led other scientists to explore the 

digital fabrication of local natural materials in detail [19]. The recent studies on earth-based 

construction with digital fabrication have focused on clay, sand, adobe/cob, and rammed earth. The 

digital fabrication techniques developed for the earthen buildings differ depending on the 

manufacturing technique and formulation of the material mixtures. 

 

4.1 Clay 

 

Clay has gained much focus in 3D printing applications for many years compared to other earth-

based mixtures. The rheological properties which increase the controllability of the 3D printing 

process of the wet clay mix have caused that concern. Clay is also easy to obtain locally, easy to 

mix, and does not necessitate the use of a complicated 3D printing technology. With nozzle 

diameters as tiny as 4 mm, it may be utilized for small and big scale 3D printing applications. 

While some of the early attempts at clay printing were not for building purposes, the first reported 

project of 3D clay printing for construction purposes was performed by WASP, a 3D printer 

developer company, in 2014, which utilized red clay obtained on-site in the town of Ait, India [20]. 

Later, TerraPerforma was introduced in 2017 by the researchers from the Institute of Advanced 

Architecture of Catalonia (IAAC), which was constructed as a full-scale 3D printing clay wall, as 

shown in Fig. 1. The wall was divided into small modular blocks of 3D-printed clay, which took a 

modular approach to the construction. After assembly, the blocks were parametrically developed 

and adjusted to give high thermal performance and structural integrity [21]. 

 

   
 

Figure 1. TerraPerforma [21]. 

 

Whereas prior research on clay manufacture has concentrated on 3D printing techniques, the 

Gramazio Kohler research group at ETH revealed two distinct ways of digital clay production. The 

first initiative, known as Remote Material Deposition, constructed building structures in situ, as 

shown in Fig. 2. (left), by robotically releasing brick-sized clay pieces in pre-calculated trajectories 

at specific mounting sites. This concept sought to give a less limited digital assembly process, but it 

confronts significant problems in terms of controllability over on-site environmental changes. The 
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Clay Dome was the second project, as shown in Fig. 2. (right), and it was a cylindrical construction 

with an 11-meter diameter and a 5-meter height. The building was made up of 30.000 soft clay 

bricks that were 15 cm tall and 9 cm in diameter. An on-site mobile robotic system was employed 

to gather the bricks one by one from a pickup station and then push them to the exact defined spot 

to construct successive layers [22]. 

 

      
 

Figure 2. Remote Material Deposition project (left) and the Clay Dome project (right) [22]. 

 

4.2 Sand 

 

In 2012, a group of students from IAAC created a portable in situ robotic 3D sand and earth 

printing technology. The sand was the first earth substance to go through on-site manufacturing 

technologies. While the 3D printing machine was fueled by solar energy gathered from portable 

photovoltaic panels, the material was obtained on-site in a completely sustainable manner. Figure 3 

(left) depicts the Solar Sinter project in Egypt and Morocco, which provided a new way for 

additive manufacture of sand utilizing solar sintering [23]. Another example, The Stone Spray 

Robot project, sought to develop ecologically friendly and effective methods of printing buildings 

in 3D using raw materials. This 3D printing technology generates geometry by mixing natural sand 

with liquid binders and spraying it directly onto the building platform through a customized nozzle 

[24]. The sprayed mixture solidifies rapidly as it accumulates on the print surface, forming 

successive layers that create the desired design, as shown in Fig. 3. (right).  

 

      
 

Figure 3. Solar sintering of sand (left) [23] and stone spray robot (right) [24]. 

 

4.3 Adobe/Cob 

 

The wet approach for the soil formation is used with adobe, cob, and clay. The fiber content added 

to the soil mixture distinguishes adobe and cob from clay. Adding organic fibers to the soil 

mixture, such as rice or wheat straw, increases the mechanical characteristics of earth walls, 

resulting in better thermal and structural performances. Traditionally, mud-brick and cob mixtures 

are made using comparable elements such as earth, straw, and water. The primary distinction 

between adobe and cob is that adobe refers to the construction of earthen walls using sun-dried 

earth bricks. In contrast, a cob is a technique that refers to the construction of monolithic earthen 
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walls using flexible moist earth blocks [11]. However, a survey of the literature on the digital 

fabrication of earth-based materials reveals that the names adobe and cob are used interchangeably 

in the context of the 3D printing process to reflect the same construction method. The researchers 

from the IAAC produced a prototype following the footprints of the adobe technique. They 

constructed an earthen wall with an embedded stair to further investigate the load-bearing potential 

of 3D printing adobe. IAAC's wall prototype has a complicated cross-section design to support 

interlocking wooden parts that operate as stairs and floor constructions, as shown in Fig. 4. [25]. 

 

 
 

Figure 4. 3D printing adobe wall with built-in staircase [25]. 

 

4.4 Rammed Earth 

 

There are few examples of mechanized rammed earth buildings compared to clay, adobe, and cob. 

Even though compacted soil provides superior structural performance compared to alternative 

earth-based systems, the dry nature of the building process and the requirement for formwork make 

experimentation with automation more challenging [10]. Lehm Ton Erde LLC, an Austrian 

company, established the first known method for mechanizing the production process of rammed 

earth in 2015 [26]. They employed an automated technology for earth distribution and compaction 

within the formwork to produce prefabricated rammed earth walls. Another method for producing 

rammed earth walls uses a fully automated robotic manufacturing process [27]. The fundamental 

building principle is similar to naturally compacted soil, in which mold and rammers are used to 

compress the soil mixture into consecutive layers, as shown in Fig. 5. The tamper and die are 

combined to produce a semi-closed cell controlled by the robotic arm. A collaborative feeding 

system applies a layer of soil mix along the wall course before the robotic tamper cell does 

compaction [8]. Compared to conventional compacted soil techniques, this automated technique 

seeks to give more accuracy, higher quality, and cost savings [27].  

 

 
 

Figure 5. Robotic rammed earth production [27]. 

 

5 DISCUSSION & CONCLUSION 

 

There has been significant progress in combining earth-based construction and new technologies in 

recent years. Previous works, prototypes, and projects in this area demonstrate the great potential 



Kerpic’22 – Re-Thinking Earthen Architecture for Sustainable Development 

9th International Conference  
İstanbul Turkey, 30 June –3 July / 2022 

 

 

of earth-based construction as an innovative method with numerous environmental and economic 

benefits. However, traditional /contemporary and digital fabrication applications of earthen 

building techniques have similarities and differences in materials, equipment, labor, and 

techniques, as shown in Table 1. Although these similarities and differences both have potentials 

and drawbacks, with a noticeable increase in the adoption rate of digital fabrication techniques in 

recent years, ongoing and planned works are expected to bring better solutions to current 

challenges by using these potentials. 

 

Table 1. Comparison of earth-based traditional/contemporary and digital fabrication applications. 

   Technique 

 

 

Technology 

Traditional/Contemporary 

Applications 

Digital Fabrication Applications 

Adobe Cob Rammed 

earth 

Clay Sand Adobe/Cob Rammed 

Earth 

Material  earth, 

fibrous 

organic 

material 

(straw or 

dung), 

water 

earth, 

fibrous 

organic 

material 

(straw), 

lime, 

water 

earth, 

aggregates 

(gravel, 

sand, silt), 

clay 

 

clay, 

fibers, 

water 

sand, 

water 

clay, 

water 

earth, 

clay, 

sand, 

gravel, 

stabilizer 

Equipment hand tools 3D printer and robots robots 

molds  molds     

Labor manpower-based automation-based 

Technique wet compaction dry 

compaction 

wet compaction dry 

compaction 

 

This research focuses on digital fabrication techniques for earthen building construction and the 

potentials and obstacles they offer. Digital fabrication techniques and technologies are becoming 

increasingly crucial for the production processes, and robotic manufacturing has shown promise for 

expanding design. A new understanding of construction is spreading rapidly, driven by the goal of 

combining low-cost and sustainable materials with the emerging digital construction sector. This 

new perspective incorporates local knowledge as the basis for current digital innovations. Over the 

past decade, the development of digitally-produced earthen buildings has succeeded in unlocking 

the potential of earthen structures and expanding the scope of digital manufacturing in construction 

beyond cement-based materials. The collective work has provided a roadmap for bringing digital 

earth engineering closer to an industrial scale and closing the gap between earth engineering and 

modern digital practice. Highlighting the potentials and challenges impeding progress in this area 

is critical to establishing a strong framework for the future development of digital fabrication. The 

detailed exploration and standardization of terms in this research aim to bridge knowledge gaps 

between different areas of study and provide crucial and coherent information for improved future 

use of digital approaches in earth construction.  
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