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ABSTRACT 11 

The soil, at the interface between geosphere, biosphere, and atmosphere, is a particularly 12 

challenging object to study. The ecological and environmental impacts of soil functioning 13 

encourage soil scientists to exploit new technologies to generate new data or develop new 14 

research protocols. Among these technologies, 3D printing is a promising technology for 15 

improving the understanding of soils. The general principle of 3D printing is to build parts by 16 

adding materials layer by layer following a three-dimensional solid model. The 3D printing 17 

technology makes it possible to produce almost any geometrically complex shape or feature in 18 

a wide range of materials. Its interest lies in its ability to produce customized objects easily 19 

and rapidly in an endlessly reproducible 3D-arrangement. A large number of techniques and 20 

materials are available, which differ in their principles, advantages, and shortcomings. 21 

In this article, we present the main challenges and opportunities of using 3D printing in soil 22 

science. To this end, we present a review of the literature from 2000 to 2019 to identify and 23 

understand recent applications of 3D printing in this field. We first describe applications such 24 
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as the manufacturing of agricultural equipment and laboratory devices in soil science, the 25 

development of new construction materials, or the geotechnical characterization of soil as a 26 

construction base. However, none of these applications requires replication of the soil 27 

functional properties as opposed to applications that would be dedicated to improving the 28 

understanding of soil functioning. We detail here the challenges and opportunities of building 29 

soil models that reproduce its physical, chemical, biological properties, and its dynamics in 30 

contact with living organisms. 31 

Despite the remarkable and rapid progress made in the development of 3D printing in recent 32 

years, this technology is still underused in the field of soil science. In particular, very few 33 

applications focus on the functioning of the soil itself as an ecological compartment. Indeed, 34 

several technical limitations have still to be overcome. 3D printed objects must be 35 

biocompatible, chemically and mechanically stable, and must be spatially resolved on the 36 

microscale. Many efforts are being made by the 3D printing community to push these 37 

boundaries. This paves the way for the wider use of 3D printing in soil science. In the near 38 

future, the availability of additive manufactured soil models, with strict and controlled 39 

composition and structure, will provide researchers with an irreplaceable opportunity to 40 

conduct reproducible experiments and better understand soil functioning factors. 41 

KEYWORDS. 3D Printing; Additive Manufacturing; Soil functions; Soil structure; Artificial 42 

soil 43 

1. INTRODUCTION 44 

Soils are a key environmental compartment providing many products, which derive mainly 45 

from their agricultural use, and other services useful to human well-being (Commission of the 46 

European Communities, 2006). Different soil properties, such as their physical structure, their 47 

composition in soil organic matter (SOM), minerals, plant and micro-organisms, and their 48 
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spatial arrangement, determine soil health. Healthy soils can deliver tangible economic and 49 

environmental benefits to farmers, businesses, and human communities (FAO, 2015). They 50 

have the capacity to respond to agricultural intervention and support for generations both the 51 

optimal biomass production and the provision of other ecosystem services (Kibblewhite et al., 52 

2008). 53 

Soil is a complex system in terms of geometry and materials, which leads to high spatial 54 

variations of soil structure and composition from the microscopic scale to the field, regional, 55 

and global extents. This spatial diversity and variability depend on land use, soil management, 56 

agricultural practices, as well as soil types and climate. Soil diversity is a key factor 57 

influencing ecological processes and soil functioning. Because of this high variability, it is 58 

difficult to understand individual soil type functioning and to compare the functions and 59 

services offered by different soils. To address these challenges, soil scientists need to reach 60 

out to other scientific disciplines (Keesstra et al., 2016), looking for innovative approaches 61 

and solutions (Hu and Jiang, 2017). In this sense, 3D printing is a promising tool in soil 62 

science due to its capability to rapidly produce complex, endlessly replicable, and 63 

customizable geometrical structures, in a wide range of controlled materials (Behm et al., 64 

2018). 65 

Three-dimensional (3D) printing, also known as additive manufacturing, is defined as the 66 

process of joining materials to make objects layer upon layer from 3D model data (Bikas et 67 

al., 2016). At its beginning in the 1980s, the first applications were prototyping, but in the 68 

following decades, the manufacturing technologies and materials transformed, and new fields 69 

of application appeared (Leutenecker-Twelsiek et al., 2016). Today, a large number of 70 

technologies have been developed for 3D printing, which differs in the way layers are 71 

deposited to create parts, changing the operating principle and the used material.  72 
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3D printing is driving major innovations in many areas, including aeronautics, medicine 73 

(Bartolo et al., 2012; Chia and Wu, 2015; Kang et al., 2016; Rengier et al., 2010), 74 

manufacturing and engineering (Doubrovski et al., 2011; Leutenecker-Twelsiek et al., 2016; 75 

Postiglione et al., 2015; Shahrubudin et al., 2019; Sossou et al., 2018; Yao et al., 2017; Zhang 76 

et al., 2016), art (Séquin, 2015; Balletti et al., 2017; Mitterberger and Derme, 2019; Derme 77 

and Mitterberger, 2020), education (Kostakis et al., 2015; Wood et al., 2017), building 78 

(Ahmed et al., 2016; Duballet et al., 2017), food (Godoi et al., 2016; Sun et al., 2015; 79 

Vancauwenberghe et al., 2017), and especially in customized production (Asadollahi-Yazdi et 80 

al., 2016). Nevertheless, soil science is a recent field of application of 3D printing and further 81 

development and application should impact the way researchers study soils within their 82 

ecosystems (Hu and Jiang, 2017). The development of 3D-printed objects adapted to the soil 83 

science field should facilitate, for example, the comparison of pedoclimatic conditions and 84 

support research for the understanding of soil functioning.  85 

This paper focuses on the past and future achievements associated with 3D printing 86 

manufacturing use in soil science. First, we described the currently available 3D printing 87 

techniques and performed a bibliometric study of the studies, which used any of these 88 

techniques for soil-related purposes. Then, we identified the added value of 3D printing 89 

technologies for the investigated processes and functions and the possible constraints they 90 

generate. Finally, we explored the opportunities and challenges arising from the deployment 91 

of 3D printing in soil research to evaluate to what extent it meets the needs of soil science 92 

challenges and to encourage soil scientists to seize this new exciting and vast area of research.  93 

2. OVERVIEW OF 3D PRINTING TECHNIQUES 94 

Producing an object with 3D printing necessitates the use of a specific technology, applied to 95 

a material or materials, using different energy sources. In the following sections, the 96 
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combination of a specific technology, material, and energy source will be referred to as 3D 97 

printing « method ». Each method has its advantages and drawbacks in economic, technical, 98 

and environmental terms (Asadollahi-Yazdi et al., 2018; Ford and Despeisse, 2016). Table 1 99 

summarizes the different processes, technologies, and materials, as well as their 100 

characteristics, strengths, and limitations. 101 

2.1.  PROCESSES AND TECHNOLOGIES  102 

According to ASTM International standards, 3D printing technologies are classified into 103 

seven process categories (Gao et al., 2015). The first category of processes, material 104 

extrusion, is based on the construction of the object by material extrusion through a nozzle. It 105 

comprises the use of melted plastics (fused deposition modeling - FDM) or gel-like materials 106 

followed in general by a drying step (direct ink writing - DIW). In a second group, called 107 

directed energy deposition, metals are melted using different high-energy sources, i.e. lasers 108 

for Laser Engineered Net Shaping - LENS, or electron beams for Electron Beam Welding - 109 

EBW technologies. In the third category of processes, called material jetting, droplets of a 110 

liquid (photopolymer or wax) are deposited and then hardened with UV-light, in technologies 111 

like polyjet or inkjet printing (MJM). In the fourth group, called powder bed fusion, the object 112 

is built by sintering or melting powdered materials thanks to a high-energy source, such as a 113 

laser, as in Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) or an electron 114 

beam, as in Electron Beam Melting (EBM). In the fifth category, VAT polymerization, the 115 

solidification of a liquid material occurs through polymerization of plastic or resin using a 116 

light source, for example, lasers in the case of stereolithography technology (SLA). In the 117 

sixth group, binder jetting, the conformation of the object is achieved through binding with 118 

chemicals in what is called indirect inkjet printing or 3DP technologies. In the last category of 119 

processes, sheet lamination, the object is built by cutting and assembling solid materials 120 

through compaction (laminated object manufacturing, LOM). Some of the aforementioned 121 
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technologies need a post-processing step, such as drying or polishing. The main 122 

considerations for choosing the appropriate technology are, in general terms, speed, cost of 123 

the printed prototype, as well as cost and spatial resolution range of the available materials 124 

(Bikas et al., 2016). 125 

In addition to the seven process categories described above, bioprinting appears a 126 

supplementary group of 3D printing techniques based on the deposition of biomaterials (like 127 

DIW, MJM, and SLA), either encapsulating cells or loaded with cells later on, at the 128 

micrometer scale, to form subtle structures comparable to living tissues (Derakhshanfar et al., 129 

2018). It has recently been extensively developed in medical science for printing functional 130 

solid organs according to the manufacturing-specific production capability.  131 

2.2. MATERIALS 132 

Each 3D printing technology can be implemented with a specific material, adapted to the 133 

desired application (third column in Table 1). Different types of printable materials are 134 

available: plastics - divided in thermally stable plastics (e.g. epoxy, polyesters, silicone-based 135 

materials) and those modifiable by temperature (e.g. polyamide, polyethylene, polypropylene 136 

or polylactic acid, PLA); silicon-based materials (clay, ceramics, glass, etc.); metals and 137 

others, such as graphene-based and biomaterials (Thompson et al., 2016). This last group of 138 

materials is gaining considerable attention due to the rising interest in a “bio-based society” 139 

(Dai et al., 2019; Håkansson et al., 2016). Some applications (medicine, ecology, etc.) require 140 

biocompatible materials, which is not the case for most existing materials in 3D printing. 141 

Increasing concern with environmental issues associated with the use of fossil-based 142 

resources can also impact the choice of more sustainable (Dai et al., 2019; Xu et al., 2018). 143 

Biomaterials can be implemented with different technologies, such as direct ink writing, 144 

inkjet, stereolithography, or laser-assisted bioprinting.  145 
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Many natural polymers (cellulose, lignin, pectin, alginates) can be used to build the 146 

biocompatible supports that receive the living cells. Recent developments such as multi-147 

material printing using different hydrogels together and combining different printing 148 

technologies are some of the most important technological advances that can help to develop 149 

the applications of bioprinting in tissue engineering (Dai et al., 2019). 150 

Besides bioprinting applications requiring biocompatible materials, cellulosic materials are 151 

the most common bio-based materials in many other applications (Liu et al., 2019). Indeed, 152 

cellulose and its derivatives are sustainable, almost inexhaustible, and biodegradable 153 

polymeric raw materials that meet the rising demand for environmentally friendly products 154 

(Dai et al., 2019; Klemm et al., 2005). 155 

This group of materials includes cellulose ethers/esters, microcrystalline cellulose, nano 156 

cellulose, etc. In soils, cellulose plays a significant role, as it is the principal component of 157 

plants. They are a good alternative to plastic-derived materials since they provide most of the 158 

mechanical properties required for materials used in 3D printing technologies (Li et al., 2018). 159 

In various 3D printing methods, cellulose and its derivatives are used as substrates, building 160 

blocks, viscosity modifiers, binders, excipients, plasticizers, matrices, fillers, and reinforcing 161 

agents (Dai et al., 2019). There is also a big potential for cellulosic materials to be the 162 

precursors for smart cost-effective materials, which could be assembled in a controlled way to 163 

respond to external stimuli, such as temperature, light or other environmental factors, and thus 164 

evolve – in what is called 4D printing (André, 2017; Mulakkal et al., 2016). 165 

  166 
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Table 1. Classification of 3D printing processes (Asadollahi-Yazdi et al., 2016; Bikas et al., 167 

2016; Gao et al., 2015; Li et al., 2015; Thompson et al., 2016). Some illustrations are 168 

reprinted in part with permission from Bikas et al. Copyright © 2015, Springer Nature 169 

(Creative Commons CC BY). 170 

Process 
category 

Technology Material 
type 

Example 
materials 

Strengths/ 
Downsides 

Process schematic 

Material 
Extrusion 

Fused Deposition 
Modeling (FDM) 

Thermoplastic 
polymers 

Polyamide, 
Acrylonitrile 
Butadiene Styrene, 
Polylactic Acid 

Inexpensive extrusion 
machine 
Multi-material printing 
Limited part resolution 
Poor surface finish  

Direct Ink Writing 
(DIW) 

Aqueous 
slurries and 
dispersions 

Cellulose-based 
hydrogels 

Ideal for biomaterials 
Maintaining structural 
integrity during drying 

 

Direct Energy 
Deposition 

Electron Beam 
Welding (EBW) 
Laser Engineered 
Net Shaping (LENS) 

Molten metal 
powder 

Steel 
Titanium 
Alloys, Cobalt 
Chromium 

Repair of damaged/ worn 
parts 
Functionality graded 
material printing 
Require post-processing 
machine 

Material 
Jetting 

Polyjet/Inkjet 
Printing (MJM) 

Thermally 
stable or 
unstable 
plastics 

Photopolymers 
Wax 

Multi-material printing 
High surface finish 
Low strength material 

 

Powder Bed 
Fusion 

Selective Laser 
Sintering (SLS) 

Polyamides / 
Polymers 

Nylon, Polystyrene High accuracy and 
details 
Fully dense parts 
High specific strength 
and stiffness 
Powder handling and 
recycling 
Support and structure  

Selective Laser 
Melting (SLM) Atomized 

metal powder, 
Ceramic 
powder 

Steel, Titanium 
alloys, Cobalt 
chromium, 
Alumina, Zirconia 

Electron Beam 
Melting (EBM) 

Vat 
Photopolymer
ization 

Stereolithography 
(SLA) 

Photopolymers 
Ceramics 

Epoxies and 
acrylates, Alumina, 
Zirconia 

High building speed 
Good resolution 
Over-curing scanned line 
shape 
High cost for supplies 
and materials 

 

Binder Jetting 
Indirect Inkjet 
Printing 
(3DP) 

Polymer 
powder 
Ceramics 

Plaster 
Resin 

Full-color object printing 
Wide material selection 
High porosities on 
finishing parts 
Require infiltration 
during post-processing 
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Sheet 
Lamination 

Laminated Object 
Manufacturing 
(LOM) 

Thermoplastics 
polymers 
Wood 
Metals 
Ceramics 

Polyamide, 
Acrylonitrile 
Butadiene Styrene, 
paper, metallic 
sheet, ceramic 
materials 

High surface finish 
Low material, machine, 
and process cost 
De-cubing issues 

 

 171 

3. METHODOLOGY: USING 3D PRINTING IN SOIL SCIENCE 172 

To investigate the state of the art of 3D printing use for soil science research purposes, a 173 

survey was conducted on Scopus, using the keywords "3D Printing", "Additive 174 

Manufacturing" and "soil" or “agriculture” for the title and the abstract. Indeed, for some 175 

applications of 3D printing in soil science concerning agriculture, the keyword “soil” does 176 

appear neither in the title nor in the abstract. The final search equation was: 177 

TITLE-ABS ((((3d OR 3-d OR (three-dimensional)) PRE/0 print*) OR (additive PRE/0 178 

manufactur*)) AND (soil OR agricult* OR agro*)) 179 

The selected sources (original articles, review and books) were analyzed with VOSviewer 
180 

(https://www.vosviewer.com), a software tool for constructing and visualizing bibliometric 181 

networks. These networks can focus on journals, researchers, or individual publications, and 182 

can be built based on citation, bibliographic coupling, co-citation, as well as co-authorship 183 

relations. Moreover, this tool offers text mining functionality useful to construct and visualize 184 

co-occurrence networks of important terms extracted from a scientific literature body. 185 

3.1. SELECTION AND CLASSIFICATION OF REFERENCES  186 

The objective of the bibliometric search was to identify the scientific questions in which 3D 187 

printing is used in soil science. Further analysis of the references was thus conducted to check 188 

whether the 3D printing was used for scientific purposes specific to soil science or as a more 189 

generic tool, not dedicated to this scientific field, but only distantly related to soil. Each of the 190 

papers was thus screened to define if the 3D printing approach specifically helped to answer a 191 
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scientific question linked to soil functioning or not. The references were then classified 192 

according to the soil functions that they addressed using six soil functions, as defined by Lal 193 

et al. 2018 (Lal et al., 2018). 194 

1) Producing plant biomass, ensuring food, fodder, and renewable energy, which are the 195 

basis of human and animal life. 196 

2) Cycling and storing water, nutrients, contaminants, and carbon. 197 

3) Protecting and maintaining soil biodiversity, which is the largest reservoir of 198 

biodiversity on Earth. 199 

4) Providing a basis for the development of technical infrastructures, such as houses, 200 

industrial environments, roads, and other facilities.  201 

5) Providing sources of mineral raw materials, such as clay, sand, gravel, and others.  202 

6) Supporting natural and cultural heritage and, as such, constitutes a historical memory 203 

of humans and its environment.  204 

The first three ecological functions of soils are strongly related to the content and properties 205 

of soil organic matter (SOM), and its relationships with inorganic components. These three 206 

functions are strongly dependent on the chemical quality of the plant input and the functional 207 

diversity of the decomposer communities, which are strong drivers of the kinetics of plant 208 

litter (Dignac et al., 2017; Nguyen Tu et al., 2017; Schmidt et al., 2011). They are also 209 

strongly dependent on the stability of the organo-mineral associations and their spatial 210 

organization at the microscopic scale. The functions 4, 5, and 6 are technical, social, and 211 

economic functions, which are important for humans, and their managed and natural 212 

environments. They refer to a macroscopic consideration of soils. Soil functions 4 and 5 seal 213 

and/or excavate the soil, which loses their ecological properties defined as the functions 1, 2 214 

and 3 (soil capacity for biomass production, filtering, cycling and maintenance of 215 

biodiversity).  216 
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4. RESULTS 217 

4.1.  OVERALL ANALYSIS   218 

A total of 163 articles emerged from the literature survey conducted in July 2019 over the 219 

2000–2019 publication period. These references were analyzed to create a bibliometric 220 

network based on author keywords, keeping only those that appeared at least twice, as it can 221 

be observed in Figure 1. A total of 36 keywords were considered. In this figure, the size of 222 

each circle representing a keyword is proportional to the number of articles in which the 223 

keyword appears. Additionally, the temporal evolution of the occurrence of keywords is 224 

represented by a color scale (from dark blue for 2000 to yellow for 2019).  225 

Unsurprisingly, being a search keyword of the database search equation, “3D printing” and 226 

“Additive Manufacturing” appeared as the most cited keywords (32 and 3 occurrences, 227 

respectively). The next most-cited keywords are “agricultural machinery” (7 occurrences), 228 

“models” (5 occurrences), “design” (4 occurrences), “food” (3 occurrences), “processing” (3 229 

occurrences) and “rapid prototyping” (3 occurrences). This means that in the past twenty 230 

years agricultural machinery was the most frequent application of 3D printing in the domains 231 

explored by our bibliometric equation. The circles’ color shows that the initial predominance 232 

(in the 2010s) of applications of 3D printing technologies for the manufacture of agricultural 233 

equipment has recently shifted to research topics such as biopolymers, biodegradation (of 234 

printed materials) and microfluidics (i.e. fluid circulation in the soil matrix at the microscale).  235 
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 236 

Figure 1. Visualization of keywords by average publication year. The size of each circle is 237 

proportional to the number of articles in which the keyword appears, and the color of the 238 

circle refers to the average year of publication (from purple for 2015 to yellow for 2018). 239 

CAD: Computer Aided Design; FDM: Fused Deposition Modeling; PLA: Polylactic acid; X-240 

ray CT: X-ray computed tomography; DMT: Direct Metal Tooling 241 

4.2. ANALYSIS OF A SELECTION OF ARTICLES ADDRESSING SPECIFIC SOIL 242 

FUNCTIONS  243 

Since soil functions are relevant entries for interdisciplinary studies on ecosystem services 244 

(Keesstra et al., 2016), each article was associated with the soil function it addresses. The 245 

articles that did not relate to any soil function were discarded. In the end, we identified 41 246 

articles, which are related to one or more soil functions. The selected articles are presented in 247 

Table 2, showing the 3D printing technologies and materials they implement (as described in 248 

Table 1) and the soil function they address. 249 
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It is important to note that some of the articles (5%) did not or only partially describe the 250 

implemented 3D printing method (technology and material), showing that the researchers 251 

used the printers and the materials available in their laboratories without analyzing or 252 

identifying the most appropriate 3D printing method for their purposes. 253 

Table 2. Bibliometric survey selection of 41 articles that address a soil function. The articles 254 

are classified in alphabetical order by the first author and associated with the 3D printing 255 

technology and material they use, as well as the concerned soil function (1: biomass 256 

production, 2: cycling water and nutrients, 3: biodiversity, 4: basis for infrastructure, 5: source 257 

of raw material, and 6: natural and cultural heritage).  258 

Authors 
3D printing 
technology Materials1 Soil functions 

Bacher et al. (2015) 

SLS 
PolyJet (MJM) 
FDM 
SLA 

Alumide (M) and Polyamide (P) 
Resin (P) 
Acrylonitrile Butadiene Styrene (P) 
Prime Gray resin (P) 

2 

Bagrov et al. (2017) SLS Silica glass nanopowder (S) 5 

Borecki et al. (2016) FDM Not mentioned (N) 2 

Ceccanti et al. (2010) Binder Jetting (3DP) Glass-rich basaltic ashes (S) 5 

Cesaretti et al. (2014) Binder Jetting (3DP) Metallic oxide (M) 5 

Chang et al. (2016) FDM Acrylonitrile Butadiene Styrene (P) 1 

Chow et al. (2017) SLS Martian soil simulant (O) 5 

Cocovi-Solberg et al. (2019) SLA Photopolymer clear resin (P) 2 

Dal Ferro and Morari (2015) MJM Visijet Crystal EX 200 (P) 2 

Farooqui and Kishk (2018) FDM Acrylonitrile Butadiene Styrene (P) 2 

Gao et al. (2018) FDM Acrylonitrile Butadiene Styrene (P) 1 

Hanaor et al. (2015) MJM Fullcure 720 resin (P) 4 

Iubin and Zakrevskaya (2018) Not specified Not mentioned (N) 5 

Li et al. (2016) FDM 
Acrylonitrile Butadiene Styrene (P) 
PLA (P) 

2 

Liang et al. (2018, 2017, 2014) FDM Acrylonitrile Butadiene Styrene (P) 4 

Lim and Chan, 2017) FDM Acrylonitrile Butadiene Styrene (P) 4 

Mahabadi et al., 2018) FDM 
Acrylonitrile Butadiene Styrene (P) 
PLA (P) 

2 
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Matsumura et al., 2017) MJM Cured resin (P) 4 

Meijer et al. (2018) FDM Acrylonitrile Butadiene Styrene (P) 4 

Mishra et al. (2018) MJM Resin Fullcure 720 (P) 4 

Mondini et al. (2008) MJM Plastic (P) 4 

Osei-Bonsu et al. (2018, 2017) Polyjet (MJM) 
Liquid resin (P)  
Acrylic-based material (P)  

2 

Otten et al. (2012) SLS Nylon 12 powder (P) 1,2,3 

Ozelim and Cavalcante (2019) SLS Polyamide (P) 2 

Pua et al. (2018) Binder jetting (3DP) Kaolin & Bentonite (S) 4,5 

Rangel et al. (2013) FDM Plastic (P) 1 

Ritter et al. (2016; 2017a,b; 
2018a,b) 

Polyjet (MJM) 
3DP material (P)  
Visijet PXL powder & binder (P) 

4 

Shen et al. (2017, 2016) Binder jetting (3DP) 
Stainless steel and bronze (M) 
Not mentioned (N) 

4 

Su et al. (2017) SLA Formlabs Clear Resin (P) 4 

Suescun-Florez et al. (2013) FDM Plastic (P) 2,4 

Sylvain et al. (2016) FDM Plastic (P) 4 

Tiausas et al. (2017) Not specified Not mentioned (N) 1,2 

Zhang (2018) FDM Acrylonitrile Butadiene Styrene (P) 4 

1 The material classification is Plastics (P), Metal-based (M), silicon-based (S), others (O) 259 

and not mentioned (N), according to the information provided by the paper authors 260 

Among 3D printing technologies, Fused Deposition Modeling and Polyjet/Inkjet Printing are 261 

the most commonly used technologies in the soil science domain, accounting for about two-262 

thirds of the articles, as shown in Figure 2. In terms of materials (Figure 3), plastics are the 263 

most commonly used (77%), maybe because these types of materials are used to develop the 264 

most well-known 3D printing technologies (FDM, SLA, and MJM). To the best of our 265 

knowledge, there is no utilization of biobased materials for applications dedicated to the 266 

investigation of soil functions. 267 
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 268 

Figure 2. 3D printing technology used in the 41 selected articles related to soil functions. 269 

 270 

Figure 3. Materials used in the 41 selected articles related to soil functions. 271 

In Figure 4, the 41 selected articles were further analyzed and classified according to the soil 272 

function they address. Most of the articles could be related to function 4 (soils as a basis for 273 

infrastructure) or 2 (soils for cycling and storing water, nutrients, and carbon), accounting for 274 

46 and 28% of the articles, respectively. Nevertheless, the articles were not investigating 275 

element cycling itself but addressed methodological issues that must first be resolved. 276 

Function 5, for which soil is considered as a source of mineral raw materials, such as clay, 277 

sand, and gravel, is the subject of 13% of the articles, while functions 1 (production of 278 
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biomass) and 3 (soil biodiversity) are addressed in only 11 and 2% of the articles, 279 

respectively. None of the selected articles was related to function 6 (natural and cultural 280 

heritage). 281 

 282 

Figure 4. Soil functions addressed in the 41 selected articles related to soil science. 283 

Some of the 41 articles made use of 3D printing for manufacturing equipment and devices 284 

used in soil-related activities (related to soil functions 1, 2, and 4). 3D printing appears in 285 

these articles as a flexible and easy-to-use prototyping technique for custom manufacturing 286 

of agricultural equipment (related to soil function 1 of biomass production). In this field, 3D 287 

printing allows adapting the tools to particular land or crop situations, as reviewed by (Javaid 288 

and Haleem, 2019) or to design innovative biomimetic tools such as the corn stubble harvester 289 

imitating the morphology of the nymph fore claws proposed by (Chang et al., 2016). 290 

3D printing is also used in the field of soil science to build sensors for the study of soil 291 

properties, generally concerning the second soil function (element cycling). In many 292 

situations, 3D printing is presented as the simplest and cheapest, if not the only, way to obtain 293 

an object to be used in the construction of the desired device, in preference to the more 294 
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expensive and complex conventional tool-machinery (Rangel et al., 2013). Such 3D-printed 295 

devices are, for example, an instrumented dilatometer for measuring soil disturbance during 296 

penetration (Shen et al., 2017, 2016), a permeameter (Rangel et al., 2013), or various housings 297 

for sensors monitoring soil properties (Borecki et al., 2016; Cocovi-Solberg et al., 2019; 298 

Farooqui and Kishk, 2018; Li et al., 2016; Sylvain et al., 2016; Tiausas et al., 2017). 3D 299 

printing is also used for prototyping innovative biomimetic probes, such as those imitating 300 

root growth. These probes, which imitate the root morphology, can move in the soil with a 301 

high penetration efficiency and a limited energy consumption typical of growing roots 302 

(Mishra et al., 2018; Mondini et al., 2008). 303 

In the field of civil engineering and architecture (function 4), 3D printing is increasingly used 304 

to rapidly produce two types of customizable objects: either small-scale building models used 305 

to test building resistance to soil perturbations or objects devoted to soil stabilization. In the 306 

first group of studies, small scale houses are produced with 3D printing and placed on the soil 307 

to evaluate house stability, depending on their characteristics (i.e. position, length, and facade 308 

openings). Different constraints that affect building stability can be tested, such as soil 309 

tunneling below 3D printed buildings (Ritter et al., 2016; Ritter et al., 2017a,b; Ritter et al., 310 

2018a,b), or water erosion (Suescun-Florez et al., 2013). The second group of geomechanical 311 

applications consists of building 3D-printed objects dedicated to the improvement of soil 312 

mechanical properties (Lim and Chan, 2017). For example, the stability of a vegetated slope 313 

was investigated by equipping a soil profile with a model plant root system produced with 314 

plastic material (ABS, Acrylonitrile Butadiene Styrene) and submitting it to mechanical tests 315 

(Liang et al., 2018, 2017; Meijer et al., 2018). 316 

Soils have also been used as a cheap, easily available, and sustainable source of raw material 317 

for 3D printing in alternative to fossil resources (Iubin and Zakrevskaya, 2018). Printing with 318 

soil was mostly achieved with the binder jetting technology in applications related to 319 
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architecture and art. It was combined with binding agents to enhance the chemical and 320 

structural properties of the printed structure (Mitterberger and Derme, 2019; Derme and 321 

Mitterberger, 2020). None of these applications required replication of soil characteristics. 322 

Furthermore, one of the disadvantages of using soil as a material is its heterogeneity and the 323 

resulting lack of control over the composition of the printed object. 3D printing has also been 324 

successfully tested with exotic materials such as Moon or Mars regoliths, to prepare habitat 325 

building in the event of establishment outside the Earth, using 3D printing technologies 326 

adapted to the specific conditions in outer space (Bagrov et al., 2017; Ceccanti et al., 2010; 327 

Cesaretti et al., 2014; Chow et al., 2017). 328 

Finally, a group of articles is dedicated to the printing of soil models, reproducing physical, 329 

chemical, and biological behavior and soil evolution dynamics. This topic raises many 330 

opportunities and challenges for research in soil science that are discussed in the following 331 

section. 332 

5. DISCUSSION: OPPORTUNITIES AND CHALLENGES OF 3D PRINTING IN 333 

SOIL SCIENCE 334 

5.1. PRINTING TECHNOLOGIES TO PRODUCE PHYSICAL ANALOGS OF SOIL 335 

(RELATED TO SOIL FUNCTIONS 5, 2 AND 3)  336 

3D printing is increasingly used to produce analogs of granular soil particles or soil profile for 337 

geotechnical tests, as an alternative to numerical simulations or laboratory (Hanaor et al., 338 

2015; Matsumura et al., 2017; Su et al., 2017). Numerical simulations are indeed prohibitively 339 

expensive or are carried out with highly simplified particle shapes without a real 340 

understanding of the reliability of the simulation being achieved. On the other side, 341 

geotechnical laboratory tests are limited due to the unavoidable structural variation in the 342 

granular assemblages of the specimens. By contrast, 3D printers using resin polymers can 343 
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generate individual particles of repeatable shapes or assemblages of bonded particles whose 344 

particle shapes, sizes, and arrangements match those of natural samples. Besides, the 345 

construction of 3D-printed objects is less time-consuming than that of numerical or hand-346 

made models. However, the representativeness of their mechanical response has still to be 347 

tested and compared to the results of numerical or geotechnical simulations. In particular, 348 

current investigations are focused on the influence of both materials (powder, adhesive, 349 

binding agents) and technology on the micro- and macro scale mechanical behavior of the 3D 350 

printed specimens (Matsumura et al., 2017; Su et al., 2017). 351 

3D printing also offers a great potential for investigating how the 3D pore arrangement 352 

regulates fluid circulation and biological activity in soil (e.g. root or fungal mycelium growth, 353 

movements of microbes, or soluble substances), properties respectively related to soil 354 

functions 2 and 3. The main challenge of 3D printing techniques for the construction of soil 355 

models is their ability to print objects exhibiting a customized 3D-arrangement of the pore 356 

system or to reproduce the physical properties of soil at an adequate resolution. 3D printers 357 

using Selective Laser Sintering (SLS) technology (Table 1) can reproduce the imaged 358 

porosity and the macro-pore shapes corresponding to the resolution of X-ray computed 359 

tomography images (Dal Ferro and Morari, 2015; Bacher et al., 2015). Investigations are 360 

conducted to test how various properties of the printed porous media impact fluid motion 361 

(Osei-Bonsu et al., 2018, 2017). The major caution point for SLS printing of soil analogs is 362 

the incomplete removal of powder residues that may remain inside the printed object despite 363 

the immersion of the sample in acetone (Ozelim and Cavalcante, 2019). Pore clogging indeed 364 

would decrease the resulting porosity and limit pore connectivity, affecting fluid flow (Dal 365 

Ferro and Morari, 2015). Pore clogging due to residual powder can be avoided by using a 366 

liquid printing material as in stereolithography (Bacher et al., 2015). A second critical 367 

challenge for investigation of soil functions 2 and 3 with 3D-printed soil models is the 368 
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limitation of most 3D printing technologies in terms of the minimum wall thickness, 369 

minimum buildable details, and maximum dimensions of the model (Ozelim and Cavalcante, 370 

2019). These limitations have direct impacts on the accuracy of the reproduced microporosity 371 

(arrangement of pores at the micromillimeter scale), which strongly controls elements cycling. 372 

Current 3D printing technologies can only control pore diameter down to 60 micrometers 373 

(Kadkhoda-Ahmadi et al., 2019). Smaller pores occur but are not intentional: they are those 374 

imposed by the selected 3D printing method.  375 

Research efforts are also focused on finding the 3D printing method, i.e. the combination of 376 

material and technology, which could reproduce the hydraulic properties and wettability of 377 

soil. On the material side, hydrophobicity must be carefully considered. (Mahabadi et al., 378 

2018) dismissed stereolithography technology because corresponding materials were too 379 

hydrophobic for reproducing soil hydrological properties. By contrast, Bacher et al. (2015) 380 

showed that stereolithography with Prime Gray, a plastic material, provided a good accuracy 381 

and an unclogged macropore system with a relatively high hydrophobicity (contact angle 382 

65°). Fused Filament Modeling (FDM) technique with Nylon, a plastic with a low 383 

hydrophobicity (contact angle 40°), also allowed modeling the wetting behavior and hydraulic 384 

conductivity of a natural soil sample (Mahabadi et al., 2018).  385 

In alternative to studies optimizing the technology and materials to produce soil physical 386 

analogs, demonstrated the ability of the 3D printing technology based on material extrusion to 387 

print real soil material, without additives or expensive energy sources (Pua et al., 2018). Also, 388 

they successfully built composite objects reproducing soil three-dimensional heterogeneity 389 

using several contrasted soil materials. Their technical device must still be improved, as voids 390 

were observed at the interface between two types of soil materials, possibly by subjecting the 391 

printed object to vacuum. 392 
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5.2.  PRINTING SOIL AS A SUPPORT FOR LIFE: BIOCOMPATIBILITY (RELATED 393 

TO SOIL FUNCTIONS 1, 2 AND 3)  394 

The pore connectivity and the porosity of 3D printed soil models discussed above govern the 395 

specific interactions between different living organisms, between organisms and their 396 

resources. Another essential property of the soil analog for modeling of soil functions 1, 2, 397 

and 3 is its biocompatibility. Biocompatibility first implies that the printed material should not 398 

be toxic for living organisms (plant seeds and roots; macro, mesofauna, or microorganisms). 399 

Besides, 3D-printed objects used as physical habitat should deliver living resources (water, 400 

organic matter, nutrients) to guarantee organism viability and growth. The plastic materials 401 

commonly available for 3D printing technologies do not meet these requirements. Often toxic, 402 

they are hydrophobic and water repellent, which is prohibitive for supporting life.  403 

Various biocompatible polymers have recently received tremendous attention as promising 404 

alternative bioinks for 3D printing technologies. For example, pectin, a heterogeneous 405 

polysaccharide present in the plant cells, has been recently reported as a suitable hydrocolloid 406 

used to develop new materials for tissue engineering (Cernencu et al., 2019), and food 407 

applications (Vancauwenberghe et al., 2018). Alginate biopolymers are also of high interest 408 

because they can entrap water and their chemical structure can be modified and implemented 409 

with specific nutrients (Gopinathan and Noh, 2018; Liu et al., 2019). Biopolymers, such as 410 

bovine serum albumin (BSA) or gelatine are also being used in particular for lab-on-a-chip 411 

applications (Aleklett et al., 2018). In lab-on-chip applications, the desired pattern of the chip 412 

is sometimes obtained with synthetic biocompatible polymers, for example, a PDMS silicone 413 

exposed to UV light (Aleklett et al., 2018). Some biopolymers, such as BSA, can also be 414 

directly cross-linked with pulsed laser light into a biocompatible hydrogel exhibiting the 415 

desired shape (Connell et al., 2012, 2010). They can be mixed with gelatine and specific 416 

bacterial communities before chemical cross-linking with pulsed laser light with a 417 
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photosensitizing molecule (methylene blue or Rose Bengal) (Connell et al., 2013). Some 418 

applications interestingly use transparent materials enabling visual and spectroscopic control 419 

of soil functioning (Downie et al., 2012). Even if they physically reproduce soil pore 420 

geometry and properties at fine scales (Aleklett et al., 2018), lab-on-a-chip systems cannot be 421 

considered as replication of soils, since they do not reproduce the spatial arrangement of these 422 

microscopic habitats. However, they could inspire soil science developments in terms of 423 

biocompatible materials. 424 

To improve the spatial representation of the complex soil system, the 3D printing process 425 

should also allow the addition at precise locations of specific components, such as nutrients 426 

enriched biopolymers or viable organisms, as it was successfully achieved by several 427 

(Ringeisen et al., 2015; Taidi et al., 2016). 428 

5.3. PRINTING A SOIL THAT RESPECTS THE DYNAMICS OF SOIL PROPERTIES 429 

(RELATED TO SOIL FUNCTIONS 1, 2, 3 AND 5)  430 

Soil is a living system. Its physicochemical properties are constantly evolving under the 431 

action of biotic agents (microbes, micro, and mesofauna, plant roots, etc.), related to soil 432 

biodiversity or of abiotic processes (solubilization, redox reactions, adsorption, compaction, 433 

freezing, etc.) related to pedo-climatic conditions. The use of multi-material printing, mainly 434 

using MJM, and also bio-printing technologies (Lopes et al., 2018), allows the development 435 

of shape-morphing objects that respond to external changes, such as humidity, light or touch 436 

(Sydney Gladman et al., 2016). This so-called 4D printing technology uses self-assembly 437 

programmable materials to build objects that are no longer simply static and dead but rather 438 

transformable (Pua et al., 2018). This technology has already been applied in tissue 439 

engineering, biomedical devices, and soft robotics (Velasco-Hogan et al., 2018). Such 440 
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approaches are promising for reaching a better representation of the complex and dynamic 441 

soil matrix. 442 

On the other side, to be used in soil science experiments with living organisms, 3D-printed 443 

objects should not exhibit artefactual dynamics. They must have the ability to self-retain their 444 

3D printed macro and micro-structure, as real soil does when subjected to physical and 445 

chemical constraints favorable to organism growth or generated by the organism activity. For 446 

example, it may be necessary to autoclave the object at high pressure to optimize the growth 447 

of specific microorganisms and prevent the development of competing bacteria or fungi. 448 

During plant growth or incubation experiments using the printed object, water may circulate 449 

in the object pores. Root and microorganism’s activity may generate protons and acidify 450 

material surfaces. For example, the printed soil block must be resistant to biotic stress due to 451 

fungal growth, as shown by Otten et al. (2012) To meet these requirements, the materials or 452 

combination of materials used to produce the object shall have a wide range of thermal 453 

compatibility, sufficient rigidity to prevent collapse due to physical disturbances (e.g. through 454 

high cross-linking capacity) and surfaces with buffering properties.  455 

6. CONCLUSIONS 456 

The present article evidences that 3D printing has emerged as a revolutionary technology, 457 

promising to push the boundaries of experimental research. It advantageously allows the fast 458 

and inexpensive production of endlessly replicable identical and customizable objects, for 459 

conducting experiments. Soil science, like many other fields, has already started to explore 460 

the research opportunities opened up by various 3D printing technologies. Most of the 461 

applications appearing in our bibliometric survey concern soil functions 4, and 5, in which the 462 

soil is considered either as a source of raw materials or as the basis for the development of 463 

technical infrastructures. These applications refer to the fields of civil engineering or 464 
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architecture more than soil science since they do not take into account the functioning of the 465 

soil itself but simply consider soil either as a source of raw materials or as the basis for the 466 

development of technical infrastructures.  467 

The use of 3D printing in soil science, for research issues related to carbon and nutrient 468 

cycling and storage (function 2), which impact biomass production (function 1) and 469 

biodiversity (function 3) is a new research opportunity. The under-representation of 470 

applications addressing these functions in the bibliometric survey may be explained in the 471 

first place by the limited user group that is currently involved in the development and use of 472 

3D printing in soil science. The emphasis on the potentialities of this technique that we 473 

provide in this article will hopefully enlarge this potential user group. It can be particularly 474 

attractive for researchers developing participatory research projects by producing identical, 475 

reproducible samples with strict and controlled composition and structure or for those looking 476 

for tools and indicators to provide stakeholders with an assessment of soil health and/or 477 

ecosystem services. 478 

If the deployment od 3D-printing in soil science is still limited, it is also because of the 479 

technical limitations that we analysed here. One of the main limitations is the difficulty of 480 

adequately representing the soil porous network with 3D printing. Indeed, soil functioning is 481 

strongly related to the spatial arrangement of soil pores and of soil constituents, the 482 

accessibility of resources, and the circulation or growth of living organisms in the soil pore 483 

network. In addition to the classical criteria of cost and availability of 3D-printing material 484 

and process, we have identified three specific constraints that need to be considered and 485 

improved to use 3D printing to build realistic soil models for use in soil science: (i) finding 486 

suitable biocompatible material (depending on the scientific question, any natural 487 

biomaterials, especially those derived from plants, could be of interest), (ii) choosing a 3D 488 

printing technology whose spatial resolution is adapted to the experiment it is dedicated 489 
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(down to the submicrometric scale) and (iii) implementing the 3D printing method that 490 

produces chemically and mechanically stable objects, when brought into contact with living 491 

organisms.  492 

We are confident that all technical limitations will be overcome in the next years through 493 

enhanced dialogue between disciplines and in-depth scientific reflection on the objectives and 494 

outputs of the applications. Soil scientists have to precisely define the technical specifications 495 

related to their study and work closely with 3D printing developers to meet them. To meet the 496 

specifications of soil scientists, 3D printing developers may recommend the use of materials 497 

and techniques already available or must implement new research programs. This dialogue 498 

will contribute significantly to the progress of 3D printing technologies and materials and will 499 

also benefit other application areas of 3D printing, such as food processing or the agriculture 500 

of the future on Earth but also on the Moon or Mars in the context of the conquest of space.  501 

 502 

 503 

ACKNOWLEDGMENTS 504 

This work was supported by the program Mirabelle+ from the LUE (Lorraine Université 505 

d’Excellence). We thank two anonymous reviewers for their constructive comments.  506 

REFERENCES 507 

Ahmed, Y.Z., Bos, F.P., Wolfs, R.J.M., Salet, T.A.M., 2016. Design considerations due to 508 

scale effects in 3d concrete printing. 8th International Conference of the Arab Society for 509 

Computer-Aided Architectural Design 1–10. 510 

Aleklett, K., Kiers, E.T., Ohlsson, P., Shimizu, T.S., Caldas, V.E., Hammer, E.C., 2018. Build 511 

your own soil: Exploring microfluidics to create microbial habitat structures. ISME Journal 512 

12, 312–319. doi:10.1038/ismej.2017.184 513 



26 

 

André, J.-C., 2017. From Additive Manufacturing to 3D/4D Printing 3. John Wiley & Sons, 514 

Inc., Hoboken, NJ, USA. doi:10.1002/9781119428299 515 

Asadollahi-Yazdi, E., Gardan, J., Lafon, P., 2018. Toward integrated design of additive 516 

manufacturing through a process development model and multi-objective optimization. 517 

International Journal of Advanced Manufacturing Technology 96, 4145–4164. 518 

doi:10.1007/s00170-018-1880-6 519 

Asadollahi-Yazdi, E., Gardan, J., Lafon, P., 2016. Integrated Design in Additive 520 

Manufacturing Based on Design for Manufacturing, in: World Academy of Science, 521 

Engineering and Technology International Journal of Industrial and Manufacturing 522 

Engineering. Toronto, pp. 1144–1151. 523 

Bacher, M., Schwen, A., Koestel, J., 2015. Three-Dimensional Printing of Macropore 524 

Networks of an Undisturbed Soil Sample. Vadose Zone Journal 14, 0. 525 

doi:10.2136/vzj2014.08.0111 526 

Bagrov, A. V., Sysoev, A.K., Sysoev, V.К.K.К.K., Yudin, A.D., Sysoev, А.К., Sysoev, 527 

V.К.K.К.K., Yudin, A.D., Sysoev, A.K., Sysoev, V.К.K.К.K., Yudin, A.D., 2017. Modeling 528 

of sintering of moon soil imitators by solar radiation. Letters on Materials 7, 130–132. 529 

doi:10.22226/2410-3535-2017-2-130-132 530 

Balletti, C., Ballarin, M., Guerra, F., 2017. 3D printing: State of the art and future 531 

perspectives. Journal of Cultural Heritage 26, 172–182. doi:10.1016/j.culher.2017.02.010 532 

Bartolo, P., Kruth, J.P., Silva, J., Levy, G., Malshe, A., Rajurkar, K., Mitsuishi, M., Ciurana, 533 

J., Leu, M., 2012. Biomedical production of implants by additive electro-chemical and 534 

physical processes. CIRP Annals - Manufacturing Technology 61, 635–655. 535 

doi:10.1016/j.cirp.2012.05.005 536 

Behm, J.E., Waite, B.R., Hsieh, S.T., Helmus, M.R., 2018. Benefits and limitations of three-537 

dimensional printing technology for ecological research. BMC Ecology 18, 32. 538 



27 

 

doi:10.1186/s12898-018-0190-z 539 

Bikas, H., Stavropoulos, P., Chryssolouris, G., 2016. Additive manufacturing methods and 540 

modelling approaches: A critical review. The International Journal of Advanced 541 

Manufacturing Technology 83, 389–405. doi:10.1007/s00170-015-7576-2 542 

Borecki, M., Duk, M., Kociubiński, A., Korwin-Pawlowski, M.L., 2016. Multiparametric 543 

methane sensor for environmental monitoring. Electron Technology Conference 2016 10175, 544 

101750M. doi:10.1117/12.2261498 545 

Ceccanti, F., Dini, E., De Kestelier, X., Colla, V., Pambaguian, L., 2010. 3D printing 546 

technology for a moon outpost exploiting lunar soil. 61st International Astronautical 547 

Congress, Prague, CZ, IAC-10-D3 3, 1–9. 548 

Cernencu, A.I., Lungu, A., Stancu, I.-C., Serafim, A., Heggset, E., Syverud, K., Iovu, H., 549 

2019. Bioinspired 3D printable pectin-nanocellulose ink formulations. Carbohydrate 550 

Polymers 220, 12–21. doi:10.1016/j.carbpol.2019.05.026 551 

Cesaretti, G., Dini, E., De Kestelier, X., Colla, V., Pambaguian, L., 2014. Building 552 

components for an outpost on the Lunar soil by means of a novel 3D printing technology. 553 

Acta Astronautica 93, 430–450. doi:10.1016/j.actaastro.2013.07.034 554 

Chang, Z., Liu, W., Tong, J., Guo, L., Xie, H., Yang, X., Mu, H., Chen, D., 2016. Design and 555 

Experiments of Biomimetic Stubble Cutter. Journal of Bionic Engineering 13, 335–343. 556 

doi:10.1016/S1672-6529(16)60306-2 557 

Chia, H.N., Wu, B.M., 2015. Recent advances in 3D printing of biomaterials. Journal of 558 

Biological Engineering 9, 1–14. doi:10.1186/s13036-015-0001-4 559 

Chow, B.J., Chen, T., Zhong, Y., Qiao, Y., 2017. Direct Formation of Structural Components 560 

Using a Martian Soil Simulant. Scientific Reports 7, 1–8. doi:10.1038/s41598-017-01157-w 561 

Cocovi-Solberg, D.J., Rosende, M., Michalec, M., Miró, M., 2019. 3D Printing: The Second 562 

Dawn of Lab-On-Valve Fluidic Platforms for Automatic (Bio)Chemical Assays. Analytical 563 



28 

 

Chemistry 91, 1140–1149. doi:10.1021/acs.analchem.8b04900 564 

Commission of the European Communities, 2006. Communication from the Commission to 565 

the Council, the European Parliament, the European Economic and Social Committee and the 566 

Committee of the Regions - Thematic strategy for soil protection, Communication from the 567 

Commission to the Council, the European Parliament, the European Economic and Social 568 

Committee and the Committee of the Regions. Brussels. 569 

Connell, J.L., Ritschdorff, E.T., Whiteley, M., Shear, J.B., 2013. 3D printing of microscopic 570 

bacterial communities. Proceedings of the National Academy of Sciences of the United States 571 

of America 110, 18380–18385. doi:10.1073/pnas.1309729110 572 

Connell, J.L., Wessel, A.K., Parsek, M.R., Ellington, A.D., Whiteley, M., Shear, J.B., 2010. 573 

Probing prokaryotic social behaviors with bacterial “lobster traps.” MBio 1, 1–8. 574 

doi:10.1128/mBio.00202-10 575 

Connell, J.L., Whiteley, M., Shear, J.B., 2012. Sociomicrobiology in engineered landscapes. 576 

Nature Chemical Biology 8, 10–13. doi:10.1038/nchembio.749 577 

Dai, L., Cheng, T., Duan, C., Zhao, W., Zhang, W., Zou, X., Aspler, J., Ni, Y., 2019. 3D 578 

printing using plant-derived cellulose and its derivatives: A review. Carbohydrate Polymers 579 

203, 71–86. doi:10.1016/j.carbpol.2018.09.027 580 

Dal Ferro, N., Morari, F., 2015. From real soils to 3D-printed soils: Reproduction of complex 581 

pore network at the real size in a silty-loam soil. Soil Science Society of America Journal 79, 582 

1008–1017. doi:10.2136/sssaj2015.03.0097 583 

Derakhshanfar, S., Mbeleck, R., Xu, K., Zhang, X., Zhong, W., Xing, M., 2018. 3D 584 

bioprinting for biomedical devices and tissue engineering: A review of recent trends and 585 

advances. Bioactive Materials 3, 144–156. doi:10.1016/j.bioactmat.2017.11.008 586 

Derme, T., Mitterberger, D., 2020. Digital soil: Robotically 3D-printed granular bio-587 

composites. International Journal of Architectural Computing. 588 



29 

 

https://doi.org/10.1177/1478077120924996 589 

Dignac, M.F., Derrien, D., Barré, P., Barot, S., Cécillon, L., Chenu, C., Chevallier, T., 590 

Freschet, G.T., Garnier, P., Guenet, B., Hedde, M., Klumpp, K., Lashermes, G., Maron, P.A., 591 

Nunan, N., Roumet, C., Basile-Doelsch, I., 2017. Increasing soil carbon storage: mechanisms, 592 

effects of agricultural practices and proxies. A review. Agronomy for Sustainable 593 

Development 37. doi:10.1007/s13593-017-0421-2 594 

Doubrovski, Z., Verlinden, J.C., Geraedts, J.M.P., 2011. Optimal design for additive 595 

manufacturing: Opportunities and challenges. Proceedings of the ASME Design Engineering 596 

Technical Conference 9, 635–646. doi:10.1115/DETC2011-48131 597 

Downie, H., Holden, N., Otten, W., Spiers, A.J., Valentine, T.A., Dupuy, L.X., 2012. 598 

Transparent Soil for Imaging the Rhizosphere. PLoS ONE 7, e44276. 599 

doi:10.1371/journal.pone.0044276 600 

Duballet, R., Baverel, O., Dirrenberger, J., 2017. Classification of building systems for 601 

concrete 3D printing. Automation in Construction 83, 247–258. 602 

doi:10.1016/j.autcon.2017.08.018 603 

FAO, 2015. Soil functions [WWW Document]. URL 604 

http://www.fao.org/resources/infographics/infographics-details/en/c/284478/ (accessed 605 

6.6.19). 606 

Farooqui, M.F., Kishk, A.A., 2018. Low-Cost 3D-Printed Wireless Soil Moisture Sensor, in: 607 

2018 IEEE SENSORS. IEEE, pp. 1–3. doi:10.1109/ICSENS.2018.8589802 608 

Ford, S., Despeisse, M., 2016. Additive manufacturing and sustainability: an exploratory 609 

study of the advantages and challenges. Journal of Cleaner Production 137, 1573–1587. 610 

doi:10.1016/j.jclepro.2016.04.150 611 

Gao, J., Sasse, J., Lewald, K.M., Zhalnina, K., Cornmesser, L.T., Duncombe, T.A., 612 

Yoshikuni, Y., Vogel, J.P., Firestone, M.K., Northen, T.R., 2018. Ecosystem fabrication 613 



30 

 

(EcoFAB) protocols for the construction of laboratory ecosystems designed to study plant-614 

microbe interactions. Journal of Visualized Experiments 2018, 1–16. doi:10.3791/57170 615 

Gao, W., Zhang, Y., Ramanujan, D., Ramani, K., Chen, Y., Williams, C.B., Wang, C.C.L.L., 616 

Shin, Y.C., Zhang, S., Zavattieri, P.D., 2015. The status, challenges, and future of additive 617 

manufacturing in engineering. CAD Computer Aided Design 69, 65–89. 618 

doi:10.1016/j.cad.2015.04.001 619 

Godoi, F.C., Prakash, S., Bhandari, B.R., 2016. 3d printing technologies applied for food 620 

design: Status and prospects. Journal of Food Engineering 179, 44–54. 621 

doi:10.1016/j.jfoodeng.2016.01.025 622 

Gopinathan, J., Noh, I., 2018. Recent trends in bioinks for 3D printing. Biomaterials Research 623 

22, 1–15. doi:10.1186/s40824-018-0122-1 624 

Håkansson, K.M.O., Henriksson, I.C., de la Peña Vázquez, C., Kuzmenko, V., Markstedt, K., 625 

Enoksson, P., Gatenholm, P., 2016. Solidification of 3D Printed Nanofibril Hydrogels into 626 

Functional 3D Cellulose Structures. Advanced Materials Technologies 1, 1600096. 627 

doi:10.1002/admt.201600096 628 

Hanaor, D.A.H., Gan, Y., Revay, M., Airey, D.W., Einav, I., 2015. 3D printable geomaterials. 629 

Géotechnique 66, 323–332. doi:10.1680/jgeot.15.p.034 630 

Hu, L., Jiang, G., 2017. 3D Printing Techniques in Environmental Science and Engineering 631 

Will Bring New Innovation. Environmental Science & Technology 51, 3597–3599. 632 

doi:10.1021/acs.est.7b00302 633 

Iubin, P., Zakrevskaya, L., 2018. Soil-concrete for use in the 3D printers in the construction of 634 

buildings and structures. MATEC Web of Conferences 245, 03002. 635 

doi:10.1051/matecconf/201824503002 636 

Javaid, M., Haleem, A., 2019. Using additive manufacturing applications for design and 637 

development of food and agricultural equipments. International Journal of Materials and 638 



31 

 

Product Technology 58, 225. doi:10.1504/ijmpt.2019.10018137 639 

Kadkhoda-Ahmadi, S., Hassan, A., Asadollahi-Yazdi, E., 2019. Process and resource 640 

selection methodology in design for additive manufacturing. The International Journal of 641 

Advanced Manufacturing Technology 104, 2013–2029. doi:10.1007/s00170-019-03991-w 642 

Kang, H.W., Lee, S.J., Ko, I.K., Kengla, C., Yoo, J.J., Atala, A., 2016. A 3D bioprinting 643 

system to produce human-scale tissue constructs with structural integrity. Nature 644 

Biotechnology 34, 312–319. doi:10.1038/nbt.3413 645 

Keesstra, S.D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerdà, A., Montanarella, L., 646 

Quinton, J.N., Pachepsky, Y., Van Der Putten, W.H., Bardgett, R.D., Moolenaar, S., Mol, G., 647 

Jansen, B., Fresco, L.O., 2016. The significance of soils and soil science towards realization 648 

of the United Nations sustainable development goals. Soil 2, 111–128. doi:10.5194/soil-2-649 

111-2016 650 

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural systems. 651 

Philosophical Transactions of the Royal Society B: Biological Sciences 363, 685–701. 652 

doi:10.1098/rstb.2007.2178 653 

Klemm, D., Heublein, B., Fink, H.P., Bohn, A., 2005. Cellulose: Fascinating biopolymer and 654 

sustainable raw material. Angewandte Chemie - International Edition 44, 3358–3393. 655 

doi:10.1002/anie.200460587 656 

Kostakis, V., Niaros, V., Giotitsas, C., 2015. Open source 3D printing as a means of learning: 657 

An educational experiment in two high schools in Greece. Telematics and Informatics 32, 658 

118–128. doi:10.1016/j.tele.2014.05.001 659 

Lal, R., Horn, R., Kosaki, T. (Eds.), 2018. Soil and Sustainable Development Goals, 660 

GeoEcology Essays. Schweizerbart Science Publishers, Stuttgart, Germany. 661 

Leutenecker-Twelsiek, B., Klahn, C., Meboldt, M., 2016. Considering Part Orientation in 662 

Design for Additive Manufacturing. Procedia CIRP 50, 408–413. 663 



32 

 

doi:10.1016/j.procir.2016.05.016 664 

Li, F., Smejkal, P., Guijt, R.M., Breadmore, M.C., 2016. One Step Fabrication of a 665 

Microfluidic Device With an Integrated Membrane By Multimaterial 3D Printing. 20th 666 

International Conference on Miniaturized Systems for Chemistry and Life Sciences, 667 

MicroTAS 2016 922–923. 668 

Li, L., Zhu, Y., Yang, J., 2018. 3D bioprinting of cellulose with controlled porous structures 669 

from NMMO. Materials Letters 210, 136–138. doi:10.1016/j.matlet.2017.09.015 670 

Li, T.J., Aspler, J., Kingsland, A., Cormier, L.M., Zou, X.J., 2015. 3d Printing - a Review of 671 

Technologies, Markets, and Opportunities for the Forest Industry. Journal of Science & 672 

Technology for Forest Products and Processes 5, 60–67. 673 

Liang, T., Knappett, J., Bengough, A., 2014. Scale modelling of plant root systems using 3-D 674 

printing, in: ICPMG2014 – Physical Modelling in Geotechnics. CRC Press, pp. 361–366. 675 

doi:10.1201/b16200-45 676 

Liang, T., Knappett, J.A., Bengough, A.G., Ke, Y.X., 2017. Small-scale modelling of plant 677 

root systems using 3D printing, with applications to investigate the role of vegetation on 678 

earthquake-induced landslides. Landslides 14, 1747–1765. doi:10.1007/s10346-017-0802-2 679 

Liang, T., Knappett, J.A., Meijer, G.J.J., Muir Wood, D., Bengough, A.G.G., Bengough, 680 

A.G.G., Loades, K.W.W., Hallett, P.D.D., 2018. Scaling of plant roots for geotechnical 681 

centrifuge tests using juvenile live roots or 3D printed analogues, in: McNamara A. Divall S., 682 

G.R.T.N.S.S.P.J. (Ed.), Physical Modelling in Geotechnics. CRC Press/Balkema, London, pp. 683 

401–406. doi:10.1201/9780429438660-56 684 

Lim, C.-L., Chan, C.-M., 2017. An alternative soil nailing system for slope stabilization: 685 

Akarpiles, in: Borgan W.R. Saloma, V.B.F. (Ed.), AIP Conference Proceedings. American 686 

Institute of Physics Inc., p. 090007. doi:10.1063/1.5011610 687 

Liu, J., Sun, L., Xu, W., Wang, Q., Yu, S., Sun, J., 2019. Current advances and future 688 



33 

 

perspectives of 3D printing natural-derived biopolymers. Carbohydrate Polymers 207, 297–689 

316. doi:S0144861718314103 690 

Lopes, L.R., Silva, A.F., Carneiro, O.S., 2018. Multi-material 3D printing: The relevance of 691 

materials affinity on the boundary interface performance. Additive Manufacturing 23, 45–52. 692 

doi:10.1016/j.addma.2018.06.027 693 

Mahabadi, N., Paassen, L. van, Jang, J., Begell, D., Zheng, X., Paassen, L. van, Jang, J., 2018. 694 

The Soil Water Characteristic Curve for 3D Printed Soil Samples. Geotechnical Special 695 

Publication 2017-Novem, 68–76. doi:10.1061/9780784481684.008 696 

Matsumura, S., Kobayashi, T., Mizutani, T., Bathurst, R.J., 2017. Manufacture of bonded 697 

granular soil using X-ray CT scanning and 3D printing. Geotechnical Testing Journal 40, 698 

1000–1010. doi:10.1520/GTJ20160273 699 

Meijer, G.J.J., Knappett, J.A.A., Bengough, A.G.G., Loades, K.W.W., Nicoll, B.C.C., 2018. 700 

Effect of root spacing on interpretation of blade penetration tests-full-scale physical 701 

modelling, in: McNamara A. Divall S., G.R.T.N.S.S.P.J. (Ed.), Physical Modelling in 702 

Geotechnics. CRC Press/Balkema, London, pp. 425–430. doi:10.1201/9780429438660-60 703 

Mishra, A.K., Tramacere, F., Guarino, R., Pugno, N.M., Mazzolai, B., 2018. A study on plant 704 

root apex morphology as a model for soft robots moving in soil. PLoS ONE 13, 1–17. 705 

doi:10.1371/journal.pone.0197411 706 

Mitterberger, D., Derme, T., 2019. Soil 3D Printing, in: Ubiquity and Autonomy Acadia. 707 

Austin, TX, pp. 586–595. 708 

Mondini, A., Mazzolai, B., Corradi, P., Mattoli, V., Taccola, S., Laschi, C., Dario, P., 2008. A 709 

Preliminary Study of a Robotic Probe For Soil Exploration Inspired By Plant Root Apexes. 710 

Proceedings of the 2nd Biennial IEEE/RAS-EMBS International Conference on Biomedical 711 

Robotics and Biomechatronics, BioRob 2008 115–120. doi:10.1109/BIOROB.2008.4762879 712 

Mulakkal, M.C., Seddon, A.M., Whittell, G., Manners, I., Trask, R.S., 2016. 4D fibrous 713 



34 

 

materials: Characterising the deployment of paper architectures. Smart Materials and 714 

Structures 25. doi:10.1088/0964-1726/25/9/095052 715 

Nguyen Tu, T.T., Egasse, C., Anquetil, C., Zanetti, F., Zeller, B., Huon, S., Derenne, S., 2017. 716 

Leaf lipid degradation in soils and surface sediments: A litterbag experiment. Organic 717 

Geochemistry 104, 35–41. doi:10.1016/j.orggeochem.2016.12.001 718 

Osei-Bonsu, K., Grassia, P., Shokri, N., 2018. Effects of Pore Geometry on Flowing Foam 719 

Dynamics in 3D-Printed Porous Media. Transport in Porous Media 124, 903–917. 720 

doi:10.1007/s11242-018-1103-5 721 

Osei-Bonsu, K., Grassia, P., Shokri, N., 2017. Investigation of foam flow in a 3D printed 722 

porous medium in the presence of oil. Journal of Colloid and Interface Science 490, 850–858. 723 

doi:10.1016/j.jcis.2016.12.015 724 

Otten, W., Pajor, R., Schmidt, S., Baveye, P.C., Hague, R., Falconer, R.E., 2012. Combining 725 

X-ray CT and 3D printing technology to produce microcosms with replicable, complex pore 726 

geometries. Soil Biology and Biochemistry 51, 53–55. doi:10.1016/j.soilbio.2012.04.008 727 

Ozelim, L.C. de S.M., Cavalcante, A.L.B., 2019. Combining Microtomography, 3D Printing, 728 

and Numerical Simulations to Study Scale Effects on the Permeability of Porous Media. 729 

International Journal of Geomechanics 19, 04018194. doi:10.1061/(asce)gm.1943-730 

5622.0001340 731 

Postiglione, G., Natale, G., Griffini, G., Levi, M., Turri, S., 2015. Conductive 3D 732 

microstructures by direct 3D printing of polymer/carbon nanotube nanocomposites via liquid 733 

deposition modeling. Composites Part A: Applied Science and Manufacturing 76, 110–114. 734 

doi:10.1016/j.compositesa.2015.05.014 735 

Pua, L.M.M., Caicedo, B., Castillo, D., Caro, S., 2018. Development of a 3D clay printer for 736 

the preparation of heterogeneous models, in: McNamara et al. (Ed.), Physical Modelling in 737 

Geotechnics. CRC Press/Balkema, London, pp. 155–160. doi:10.1201/9780429438660-16 738 



35 

 

Rangel, D.P., Superak, C., Bielschowsky, M., Farris, K., Falconer, R.E., Baveye, P.C., 2013. 739 

Rapid Prototyping and 3-D Printing of Experimental Equipment in Soil Science Research. 740 

Soil Science Society of America Journal 77, 54–59. doi:10.2136/sssaj2012.0196n 741 

Rengier, F., Mehndiratta, A., Von Tengg-Kobligk, H., Zechmann, C.M., Unterhinninghofen, 742 

R., Kauczor, H.U., Giesel, F.L., 2010. 3D printing based on imaging data: Review of medical 743 

applications. International Journal of Computer Assisted Radiology and Surgery 5, 335–341. 744 

doi:10.1007/s11548-010-0476-x 745 

Ringeisen, B.R., Rincon, K., Fitzgerald, L.A., Fulmer, P.A., Wu, P.K., 2015. Printing soil: a 746 

single-step, high-throughput method to isolate micro-organisms and near-neighbour microbial 747 

consortia from a complex environmental sample. Methods in Ecology and Evolution 6, 209–748 

217. doi:10.1111/2041-210X.12303 749 

Ritter, S., Giardina, G., DeJong, M.J.J., Mair, R.J.J., 2016. Centrifuge modelling of tunneling-750 

induced settlement damage to 3D-printed surface structures, in: ITA-AITES World Tunnel 751 

Congress 2016, WTC 2016. Society for Mining, Metallurgy and Exploration, pp. 11–20. 752 

Ritter, S., DeJong, M.J., Giardina, G., Mair, R.J., 2017a. The effect of surface structures on 753 

soil deformations due to tunnelling in sand. Rivista Italiana Di Geotecnica 51, 7–21. 754 

doi:10.19199/2017.4.0557-1405.07 755 

Ritter, S., Giardina, G., Dejong, M.J., Mair, R.J., 2017b. Influence of building characteristics 756 

on tunnelling-induced ground movements. Geotechnique 67, 926–937. 757 

doi:10.1680/jgeot.SIP17.P.138 758 

Ritter, S., Giardina, G., DeJong, M.J., Mair, R.J., 2018a. Centrifuge modelling of building 759 

response to tunnel excavation. International Journal of Physical Modelling in Geotechnics 18, 760 

146–161. doi:10.1680/jphmg.16.00053 761 

Ritter, S., DeJong, M.J., Giardina, G., Mair, R.J.J., 2018b. 3D printing of masonry structures 762 

for centrifuge modelling, in: McNamara et al. (Ed.), Physical Modelling in Geotechnics. CRC 763 



36 

 

Press/Balkema, London, pp. 449–454. doi:10.1201/9780429438660-64 764 

Schmidt, M.W.I., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I.A., 765 

Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A.C., Nannipieri, P., Rasse, D.P., 766 

Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as an ecosystem 767 

property. Nature 478, 49–56. doi:10.1038/nature10386 768 

Séquin, C., 2015. Rapid Prototyping : A 3D Visualization Tool Takes on Sculpture and 769 

Mathematical Forms. The College Mathematics Journal 37, 153. 770 

Shahrubudin, N., Lee, T.C., Ramlan, R., 2019. An overview on 3D printing technology: 771 

Technological, materials, and applications. Procedia Manufacturing 35, 1286–1296. 772 

doi:10.1016/j.promfg.2019.06.089 773 

Shen, H., Haegeman, W., Peiffer, H., 2017. Use of a metal 3D printed and instrumented 774 

dilatometer, in: ICSMGE 2017 - 19th International Conference on Soil Mechanics and 775 

Geotechnical Engineering. 19th ICSMGE Secretariat, pp. 653–656. 776 

Shen, H., Haegeman, W., Peiffer, H., 2016. 3D printing of an instrumented DMT: Design, 777 

development, and initial testing. Geotechnical Testing Journal 39, 492–499. 778 

doi:10.1520/GTJ20150149 779 

Sossou, G., Demoly, F., Montavon, G., Gomes, S., 2018. An additive manufacturing oriented 780 

design approach to mechanical assemblies. Journal of Computational Design and Engineering 781 

5, 3–18. doi:10.1016/j.jcde.2017.11.005 782 

Su, Y.-F., Zhang, B., Lee, S.J., Sukumaran, B., 2017. Parametric sensitivity study of particle 783 

shape effect through 3D printing, in: Li X. Feng Y., M.G. (Ed.), Springer Proceedings in 784 

Physics. Springer Science and Business Media, LLC, pp. 593–600. doi:10.1007/978-981-10-785 

1926-5_61 786 

Suescun-Florez, E., Iskander, M., Kapila, V., Cain, R., 2013. Geotechnical engineering in US 787 

elementary schools. European Journal of Engineering Education 38, 300–315. 788 



37 

 

doi:10.1080/03043797.2013.800019 789 

Sun, J., Peng, Z., Yan, L., Fuh, J.Y.H., Hong, G.S., 2015. 3D food printing-An innovative 790 

way of mass customization in food fabrication. International Journal of Bioprinting 1, 27–38. 791 

doi:10.18063/IJB.2015.01.006 792 

Sydney Gladman, A., Matsumoto, E.A., Nuzzo, R.G., Mahadevan, L., Lewis, J.A., 2016. 793 

Biomimetic 4D printing. Nature Materials 15, 413–418. doi:10.1038/nmat4544 794 

Sylvain, M.B.B., Pando, M.A.A., Whelan, M.J.J., Ogunro, V.O.O., Park, Y., 2016. Design 795 

and application of a low-cost, 3D printed crosshole seismic system- Preliminary assessment. 796 

Proceedings of the 5th International Conference on Geotechnical and Geophysical Site 797 

Characterisation, ISC 2016 2, 941–946. 798 

Taidi, B., Lebernede, G., Koch, L., Perre, P., Chichkov, B., 2016. Colony development of 799 

laser printed eukaryotic (yeast and microalga) microorganisms in co-culture. International 800 

Journal of Bioprinting 2, 37–43. doi:10.18063/IJB.2016.02.001 801 

Thompson, M.K., Moroni, G., Vaneker, T., Fadel, G., Campbell, R.I., Gibson, I., Bernard, A., 802 

Schulz, J., Graf, P., Ahuja, B., Martina, F., 2016. Design for Additive Manufacturing: Trends, 803 

opportunities, considerations, and constraints. CIRP Annals - Manufacturing Technology 65, 804 

737–760. doi:10.1016/j.cirp.2016.05.004 805 

Tiausas, F.J.G., Co, J., MacAlinao, M.J.M., Guico, M.L., Monje, J.C., Oppus, C., 2017. 806 

Design of autonomous sensor nodes for remote soil monitoring in tropical banana plantation, 807 

in: Ambrosia V. Themistocleous K., M.S.P.G.S.G.H.D.G. (Ed.), Proceedings of SPIE - The 808 

International Society for Optical Engineering. SPIE. doi:10.1117/12.2279132 809 

Vancauwenberghe, V., Delele, M.A., Vanbiervliet, J., Aregawi, W., Verboven, P., 810 

Lammertyn, J., Nicolaï, B., 2018. Model-based design and validation of food texture of 3D 811 

printed pectin-based food simulants. Journal of Food Engineering 231, 72–82. 812 

doi:10.1016/j.jfoodeng.2018.03.010 813 



38 

 

Vancauwenberghe, V., Katalagarianakis, L., Wang, Z., Meerts, M., Hertog, M., Verboven, P., 814 

Moldenaers, P., Hendrickx, M.E., Lammertyn, J., Nicolaï, B., 2017. Pectin based food-ink 815 

formulations for 3-D printing of customizable porous food simulants. Innovative Food 816 

Science and Emerging Technologies 42, 138–150. doi:10.1016/j.ifset.2017.06.011 817 

Velasco-Hogan, A., Xu, J., Meyers, M.A., 2018. Additive Manufacturing as a Method to 818 

Design and Optimize Bioinspired Structures. Advanced Materials 1800940. 819 

doi:10.1002/adma.201800940 820 

Wood, P.A., Sarjeant, A.A., Bruno, I.J., Macrae, C.F., Maynard-Casely, H.E., Towler, M., 821 

2017. The next dimension of structural science communication: simple 3D printing directly 822 

from a crystal structure. CrystEngComm 19, 690–698. doi:10.1039/c6ce02412b 823 

Xu, W., Wang, X., Sandler, N., Willför, S., Xu, C., 2018. Three-Dimensional Printing of 824 

Wood-Derived Biopolymers: A Review Focused on Biomedical Applications. ACS 825 

Sustainable Chemistry and Engineering 6, 5663–5680. doi:10.1021/acssuschemeng.7b03924 826 

Yao, X., Moon, S.K., Bi, G., 2017. Multidisciplinary design optimization to identify additive 827 

manufacturing resources in customized product development. Journal of Computational 828 

Design and Engineering 4, 131–142. doi:10.1016/j.jcde.2016.10.001 829 

Zhang, D., Chi, B., Li, B., Gao, Z., Du, Y., Guo, J., Wei, J., 2016. Fabrication of highly 830 

conductive graphene flexible circuits by 3D printing. Synthetic Metals 217, 79–86. 831 

doi:10.1016/j.synthmet.2016.03.014 832 

Zhang, X., 2018. Physical modelling of soil-structure interaction of tree root systems under 833 

lateral loads, in: McNamara A. Divall S., G.R.T.N.S.S.P.J. (Ed.), Physical Modelling in 834 

Geotechnics. CRC Press, London, pp. 481–486. doi:10.1201/9780429438660-70 835 




