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As additive manufacturing (AM) technology continues to advance for computer-aided design and engineering
applications, a parallel imperative emerges — a conscientious shift towards more responsible material practices,
aligning with ethical, environmental, and social sustainability considerations. The present systematic review
analyzes the state-of-the-art developments in relation to AM using natural, low-carbon, and readily available
material practices. The results show that published work is situated at the intersection of material science, digital
fabrication, and construction, with an array of geo-, bio-, and living mix designs, and different properties
analyzed. Under certain conditions, a move towards more use of natural materials could be the solution to source
more responsible materials while contributing to the quality of the built environment and the planet Earth itself.
The long-term contribution is to provide leading guidance for future research aimed at developing novel and
bespoke natural materials in digital fabrication and advanced manufacturing.

1. Introduction

Computational design must deeply engage in sustainable material
development to foster profound environmental and societal trans-
formations in digital fabrication. The clock is ticking—irreversible
climate change is approaching if change does not happen. Human- and
machine-made built environments have been altering natural land-
scapes, and these alterations have largely triggered and exacerbated
biodiversity and climate emergencies, disproportionately impacting
underrepresented communities [102], particularly in regions where
natural materials are a traditional trade. In parallel, building operations
and construction account for a significant percentage of global green-
house gas emissions, contributing to an estimated 37% of global energy-
and process-related carbon dioxide (CO3) emissions in 2021 [110].
Additionally, over 10 billion tonnes of construction and demolition
waste is produced annually globally, which occupies 35-65% of global
landfills [68].

Additive manufacturing (AM), also referred to as rapid prototyping
or 3D printing, exhibits a multiplicity of advantages. AM can reduce the
amount of material needed and, as a consequence, the waste generation
typical to subtractive manufacturing methods [11]. AM represents one
of the most promising innovations with digital and generative design
possibilities and the potential to enhance global supply chain capabil-
ities while reducing high-risk, labor-intensive jobs [10,87]. The advent
of AM technologies through digital fabrication has primarily been
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motivated by the demand for increased productivity and customization
while reducing material waste in all sectors, including manufacturing
and architecture ([16]; Garcia [53]).

To date, a growing number of entire buildings are constructed using
AM. Notable examples include the 3D Printed Urban Cabin 3D by DUS
Architects [41], the DFAB House by Gramazio, and Kohler Research
[88]. Segments or portions of structures are commercially 3D printed
mostly utilizing cementitious mortar as the main material [30,62,64].
However, the impact of 3D-printed concrete is almost twice as large as
that of the same quantity of casted concrete, given the following two
main reasons: firstly, the significantly greater higher content of cement
within 3D printed concrete compared to conventional concrete, and
secondly, the higher energy intensity of the robotic deposition processes
[°1.

To combine advanced computing and environmental sustainability,
one viable pathway to addressing these intricate environmental and
societal challenges by the agency of AM is using climate-specific and
low-carbon natural building materials that are locally available, mini-
mally processed, healthy, and community-engaging [14]. Indeed, recent
studies demonstrate the efficiency of substituting climate-intensive
materials with bio- and earth-based building ones that are environ-
mentally and socially healthier than conventional highly processed
cement- and petroleum-based materials [21,28,42,92,94]. Specifically
for natural materials, a few examples of large-scale earth structures have
been 3D printed starting in 2015. Pylos projects represent the first

Received 13 May 2024; Received in revised form 2 August 2024; Accepted 11 August 2024

Available online 25 August 2024

0926-5805/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:obc2101@columbia.edu
www.sciencedirect.com/science/journal/09265805
https://www.elsevier.com/locate/autcon
https://doi.org/10.1016/j.autcon.2024.105703
https://doi.org/10.1016/j.autcon.2024.105703
http://crossmark.crossref.org/dialog/?doi=10.1016/j.autcon.2024.105703&domain=pdf

O.B. Carcassi and L. Ben-Alon

precedent [63], followed by the Gaia [25] and Tecla [5] houses by
WASP, an Italian manufacturer of 3D printers, and Mud Frontiers [44],
which employed large printers directly on site.

Natural materials are defined as substances and composites that are
minimally processed and nontoxic by using readily available sources on
or around the construction site. Due to their nontoxicity, traditional
nature, and adaptability to various shapes, natural building materials
are often reminiscences of Indigenous wisdom for architectural tech-
niques [101]. They include a range of naturally occurring constitu-
encies, but can be summarized into two base constituencies comprising
geological products such as earth, sand, larger aggregate, and stone; and
biological products like mycelium, vegetation plants, plant-like protists
for instance algae, agro-waste, and vegetable fiber by-products [13].
This range of substances can be combined into mix designs using con-
struction methods from traditional techniques such as adobe, rammed
earth, compressed earth blocks, cob, earthbags, straw-bale construction,
and light straw clay, but that can be implemented in more advanced
construction techniques.

Advanced fabrication technologies can —and should - help in fighting
resource scarcity by enabling material efficiency and low-volume
manufacturing during the fabrication process while assuring, or even
ameliorating, their technical performances [78]. To further adopt this
concept, there is a need to integrate the fields of materials, hardware,
and software development, through a systematic review. With these
topics, this work asks the following research questions: what are the
materials used and the steps to create mixtures adequate for digital
fabrication? What are the possible applications and performances of
existing demonstrations? This systematic review aims to identify and
systematically categorize the state-of-the-art of how natural materials -

1: Identification:
Framework and Search Strategy Definition

Topic: Natural materials for additive manufacturing

Area of Application: Architecture and Construction

Search Databases : "Science direct, Scopus, Taylor &
Francis, IOP Science, CumIinCAD

Keywords :

+ "3D printing"AND"natural
materials"AND"construction material’AND"natural
material"

+ "3D printing" AND "earth materials" AND
‘construction materials”,
+ "3D printing" AND "biobased materials” AND
"construction materials”,
+ "3D printing" AND "living materials" AND
‘construction materials”.

Subject Area : Material Science, Engineering,
Environmental Science, Architecture

Screening Conditions:

Not Aanalyzed | concrete /mortar/ geopolymer,
gypsum, inorganic foams, electronics, biomedical,
fossil-based, inorganic fibers, bioinspired structure, Al,
robotic assembly , automobile, space construction,
meta-materials, interview, not 3D printing, no material
mixture information

Analyzed | Papers in English language, published
before January 2024, in peer-reviewed articles, relating
to natural material mixtures, 3D printing techniques,
natural additives, fabrication strategies.
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new versions of ancient practices - have been reinterpreted with AM and
provide the essential tool to further their adoption in contemporary
architecture.

2. Research objective, scope, and methodology

The objective of this systematic review is to critically map the terrain
of additive manufacturing of natural materials in terms of material
mixtures, techniques, additives, and performance of the final printed
element. The scope includes applications within the construction and
architectural manufacturing fields with earth- and bio-based material
mix designs. The review methodology, outlined in Fig. 1, was developed
to ensure a systematic search process and comprehensive review of the
relevant literature [109], by following the PRISMA protocol [85], which
includes the Identification, Screening, Eligibility and Inclusion phases.
First, the framework and search strategy were identified. Then, relevant
literature was evaluated according to three screening phases: i) database
search, ii) title and abstract screening, and iii) full paper screening and
categorization within a database that resides in an Excel spreadsheet.
Lastly, the eligible data were analyzed and discussed according to out-
lined criteria while iteratively identifying additional papers cited within
the collected ones. The systematic search has been performed in estab-
lished database and indexes including ScienceDirect, Taylor & Francis,
as they contained a wide selection of scientific articles, and IOP Science
and CumInCAD, which collect the proceedings of recognized confer-
ences in the filed of additive manufacturing and digital fabrication for
architecture, by using the following keyword combinations: “3D print-
ing” AND “natural materials” AND “construction materials”, “3D
printing” AND “earth materials” AND “construction materials”, “3D

2.Screening and Eligibility:
Literature Identification and Data Collection

Step 1:
Database  Science  Taylor & IOP CumiInCAD:
Search direct: Francis Science
Tsittlzpaiij TOTAL373 TOTAL 100 TOTAL 11 TOTAL 276
Abstracts NO: 313 NO 84 NO 7 NO 256
Screening  ves.60  YES16  YES4  YES20
Step 3:
Full Paper g D hd o
Soreening | YES:35 YES:12  YES:3  YES:19
& Collection
o B lFiIe +11 References from DATA collected

3. Inclusion:
Systematic Analysis Based on Inclusion/
Exclusion Criteria:

+ Year of Publication : Figure 2
+ Analysis Scale: Table 1
+ AM Categories: Figure 3
+ Material Families: Figure 4,5,6, Table 2,4,5
+ Additives : Figure 7
+ Properties Analyzed: Table 6

Fig. 1. Systematic review methodology incorporated in this paper.
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printing” AND “biobased materials” AND “construction materials”, and
“3D printing” AND “living materials” AND “construction materials”.

3. Results
3.1. General observations

The preliminary literature search has resulted in 614 academic pa-
pers identified between 1995 and April 2024 that focused on the use of
natural materials in the fields of architecture and construction. This time
frame was selected to grasp the most contemporary research practices
on this emerging topic. Following the three-step screening process, 80
papers were deemed relevant and were fully reviewed and documented
in an Excel database (Appendix A), serving as the resource for the sys-
tematic analysis herein. The data obtained from the papers were cate-
gorized into five main groups focusing on 1) material families (e.g.,
earth-based, clay-based, and fiber-based, etc.); 2) machines and AM
technologies utilized (e.g., material extrusion, binder jetting, etc.); 3)
mix-designs; and 4) performance analyzed (e.g., structural, geometrical,
environmental, etc.). The focus was only on peer-reviewed journal ar-
ticles, book chapters, and conference contributions.

The identified papers were found to belong to the domains of ar-
chitecture, material science, engineering, and environmental science.
Fig. 2 illustrates the number of papers identified according to the year of
publication, which may indicate the emerging publication trend and
growing interest in the topic, especially since 2018.

Research in this field grew slowly between 1995 and 2014. Prior to
2014, only one publication focused on biomedical engineering was
found, indicating that the interest in these topics emerged in the paper
repositories from 2014 onward. The publication trend can be divided
into three main time periods. The first period, from 2014 to 2015, cor-
responds to the time of Neri Oxman [40]; [89] and their pioneer
research focus at the intersection of biology and digital fabrication. In
the same year, it was also released a research on robotic deposition of
clay [52]. As evidenced from 2017 onwards, some of the research in-
terest in digital design shifted towards a more multidisciplinary
approach and on material extrusions at room temperature to work with
clay/soil pastes and natural compounds that do not required heat to be
extruded from nozzles. During the second period, from 2017 to 2022,
various conferences such as ICSA 2022 included “Ecology of structures
and architecture” in their themes, leading to a significant increase in
publications on the subject. The number of publications on the topic
gradually increased, peaking in 2022, with papers focusing on various
natural materials.

Table 1 details the analyzed publications according to their research
focus, or building scale analysis, enumerating the number of publica-
tions per each journal or conference found, providing guiding insights
into predominant publication venues for future researchers in the field.
The largest research scale identified is shown to be confined to a
building component or pavilion scale. Looking into the established
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Fig. 2. Number of publications identified according to the publication year.
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Table 1
Publication analysis according to research focus and building scale. In bold are
the most prominent journals by publication items.

Research focus Number of Papers Identified Reference
According to Journal / Book /

Conference

Powder Technology (1), Journal
of the European Ceramic Society
(1), Construction and Building
Materials (7), Materials &
Design (1), International
Conference on Structures and

[106], [79], [4], [105],
[49], [121, [7], [20], [112],

Building Architecture ICSA (6), eCAADe [711, [100], [84], [17],
Materials (4), Architectural Science [19], [11, [23], [75], [111],
(29) Review (1), Biomimetics (1), [21, [671, [104], [48], [91],

Manufacturing Letters (1), [18], [8], [38], [26], [22],
CAADRIA (2), ICBBM (1), [115]

Materials (1), NOCMAT (1),

Journal of Building Engineering

(1), Handbook of Natural

Polymers, Volume 1 (1)

Construction and Building

Materials (3), Materials Today

Communications (1), Ecological

Engineering (1),

Journal of Building Engineering

(1), Materials Today: [46], [98], [15], [43], [37],
Proceedings (1), Architectural [56], [32], [39], [401, [24],

Building Science Review (2), Towards a [29], [31]1, [35], [471, [52],
Components Robotic Architecture (1), [60], [66], [99], [69], [70],

(31) Computer-Aided Design (1),
eCAADe (5), ACADIA (6),
CAADRIA (3), Cement and
Concrete Research (1), Materials
& Design (1), Fabricate (2),
Automation in Construction (1),
Journal of Cleaner Production
(€]

Birkhauser (1), Journal of
Cleaner Production (1),
Materials Science and
Engineering: R: Reports (2),
Processing Technology for Bio-
Based Polymers (1), Progress in
Materials Science (1), Heliyon
(1), Rethinking building skins
(1), Renewable and Sustainable
Energy Review (1), Advanced
Manufacturing Processes (1),
Bioinspiration & Biomimetics
(2), Biomimetics (1), Journal of
Physics: Materials (1),
Automation in Construction (1),
Frontiers of Architectural
Research (1), Construction and
Building Materials (2),Matter
(€]

Planning Theory & Practice (1) [131]

[72], [83], [103], [50],
[54], [55], [89], [58,59],
[31, [58,59], [33]

[116]1, [571, [117-121],
[871, [122-128], [108],
[129], [6], [130]

Review Papers
19)

Architectural
Theory (1)

examples found in the literature, the review identifies that real- and
large-scale 3D printed buildings with natural materials, such as the first
3D printed earth-based houses, Gaia and Tecla house [25], were realized
as applied demonstrations by educational and industry leaders such as
WASP and Institute for Advanced Architecture of Catalonia (IACC). With
exception of the Tecla house [48], these examples were not elaborated
within scientific publications, and therefore were not established as a
peer-reviewed academic research. The variety of repository types
(Journals, Conferences, and Books) summarized in Table 1 suggests the
multidisciplinary of this field, which is tackled from a range of per-
spectives. Papers with authors from material studies are shown to
identify mix-design ingredients and possible additives or fabrication
strategies to obtain extrudable and buildable 3D-printed outcomes. Pa-
pers authored by authors from biomedical fields were not included in
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this review; however, interestingly enough, these papers were found to
be mainly focused on the creation of bioinspired patterns and design
inspirations to optimize the material use and strategically deposit it
where its performance requires [74,93,113]. Lastly, papers with authors
from architecture and civil engineering fields are mostly focused on the
properties and design freedom of printed building elements, comparing
them with more traditional technologies and materials. The specific
themes of the review papers inserted in Table 1 can be found in Ap-
pendix A under “Analysis type” column.

3.2. Additive manufacturing techniques for natural materials

According to the American Society for Testing and Materials (ASTM)
standards, AM technology “applies the additive shaping principle and
thereby builds physical three-dimensional (3D) geometries by succes-
sive addition of material” [65] using one or more of the following seven
main process categories: (1) Binder jetting (BJT), (2) Material jetting
(MJT); (3) Material extrusion (ME); (4) Direct energy deposition (DED);
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(5) Sheet lamination (SHL); (6) Vat photopolymerization (VPP); (7)
Powder bed.

Ilustrated in Fig. 3, of these seven categories, the identified papers
were shown to predominantly focus on material extrusion (57 papers). A
few (4 papers) were shown to focus on binder jetting. Only one paper
was shown to focus on power bed fusion techniques and was thus taken
out of the scope of this analysis.

Material extrusion (ME) involves the deposition of a material from an
extruder and it is usually referred to as a “heating mechanism that melts
a thermoplastic filament” [90]. Nevertheless, ME processes can also be
applied to viscous materials like clay- and earth-based materials without
the need for thermal heat at the moment of deposition [86]. Some au-
thors further define techniques utilized within the ME framework to
specify the peculiarity of extrusion involved without heat, specifically,
extrusion-based ME processes with highly concentrated suspensions
made with powders [73]. This may include robocasting/direct ink
writing (DIW) [43], paste extrusion modeling (PEM), and other paste-
based technologies [19,20,49,112]. Similarly, flow-based fabrication

Additive Manufacturing Techniques according to authors

Additive
Manufacturing
of Natural
Materials
"""""" 6 paste Extrusion Modeling (PEM), and Paste-based:
+ San Fratello et al,, 2020, - Young et al., 2022,
+ Campos et al,, 2021 - Bassereau et al., 2022
+ Campos et al,, 2022 + Figueiredo et al., 2022,
_____________ o Robocasting/direct ink writing (RC/DIW):
+ Maurath et al., 2017
+ El-Mahdy et al., 2021
"""""" 1 Microbial 3D printing:
s + Arnardottir et al., 2022
g ——————————— 1 Flow-based fabrication (FBF):
<l = - Duro-Royo et al, 2015
8 ‘% """""""" 1 Coreless filament winding (CFW):
g g + Gil Pérez et al,, 2022
;&) ot Silk Deposition:
s @ + Oxmanetal, 2014
= .
2 CR- 45 General technologies:
5 = + Friedmanetal, 2014, - Kretzeretal, 2020,
(%) - Duro-Royo et al, 2017, - Farahbakhsh et al,, 2020, -
\J - Perrotetal, 2018 - Gomaa et al., 2020
-g » Dubois et al, 2018 + Goidea et al,, 2020,
S - Veliz Reyesetal, 2018 + Sohetal., 2020,
% - Gilirsoy et al., 2018, - Bhardwaj et al., 2020,
(&) + ClaireImetat, 2018, - Jauketal, 2021,
2 - Gomaa et al, 2019, + Rossi et al, 2021,
= + Chiujdeaetal, 2020, + Gomaaetal, 2021,
s + Colmo et al,, 2020, - Klemmt et al., 2022,
5 + Alhumayani etal, 2020 + Afsaretal, 2022,
=
=
% =D — 4 General technologies:
S B - Kladeftira et al,, 2018,
2 & + Mitterberger et al,, 2019
*5 + San Fratello et al,, 2020
2 + Songetal, 2023,
m
s ~ 1 Selective Laser Curing (SLC,):
‘D + Song et al., 2023
LE
3 OUT OF SCOPE
m
z
2
g

Fig. 3. Identified literature on natural materials in additive manufacturing, categorized according to the ASTM Additive Manufacturing categories (Material

Extrusion, Binder Jetting, and sub-category technologies observed in the literature).
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(FBF) enables the production of functionally graded materials through
the flow control of syringes containing different water-based substances.
Other processes make use of living organisms such as microbial printing
[7] and silk deposition [89]. Lastly, coreless filament winding [54] was
classified by the authors.

The printing process of Binder Jetting, which originated at MIT in the
early 1990s [45], involves the application of a liquid binder onto a thin
layer of powder through spraying or jetting [27]. The binder solidifies
the powder, and subsequent layers of powder are successively added,
repeating the process numerous times. It can be used with gypsum, sand,
glass, metal, and similar materials [86]. [106], used both binder jetting
(BJ) and selective laser curing (SLC) technologies with silica sand ma-
terials [106]. SLC technology is based on a selective laser sintering (SLS)
process where a powder material is heated to near-melting temperatures
(sintering), to bond together particles and obtain a solid element [107].
Although significantly lower temperatures are applied in SLC (less than
400 °C), it was still taken out of the scope of this review, given the
desired focus on readily available materials and accessible technologies
with minimum energy demand [51].

3.3. Mix designs of natural materials for printability

Corresponding to the broader definition of natural materials articu-
lated in the Introduction section, three main material families were
identified as currently applied in AM: 1) mineral-based, 2) plant-based,
and 3) microorganism-based, which relate to the origins of the main raw
material used. According to the natural materials definition in the
Introduction section, mix designs mostly based on the use of fossil-based
materials, mortar, concrete, glass, and alkali-activated materials
(AAMs), sometimes referred to as geopolymers, were excluded from this
review. This decision was made on the basis of the required high tem-
peratures, raging between 1250 °C and 1450 °C, in order to process the
constituent materials into additives applicable in construction
[61,81,97], and therefore a kiln or furnace to be produced, and the
material undergoes an irreversible transformation. PLA was also
excluded from this review. For instance, even if PLA is often categorized
as biological material because it originates from a renewal substance,
namely corn, it has been criticized by some authors for its high envi-
ronmental impacts and the fact that it is not naturally biodegradable but
solely industrially compostable [70].

3.3.1. Mineral-based material family

The mineral-based family includes several specific sub-categories:
earth-based [2,4,46,50,56,67,83,111], salt-based [43,50], sand-based
[69,106] and ceramic-based [15,79] according to the main material
used in the mix design. Fig. 4 connects these categorizations with the
two identified AM categories, namely material extrusion (ME) and
binder jetting (BJT). Further classification is identified for final printed
objects that are burnt vs. raw (left to dry in air temperature). Burnt el-
ements are identified to include mostly clay in an average temperature
of 900C°, and are therefore termed ‘“ceramics” [15,79] (Fig. 4 and
Table 2).

Multiple papers in this material family discuss water content as a
crucial element to take into consideration when reducing shrinkage and
cracking while assuring good flowability and printability. For instance,
Claire Im et al. [29] added alcohol to the water, and nylon fiber to the
overall clay mixture, to create intricate spatial lattice structures. Shafiei
et al. [103] mixed algae and clay to examine hygroscopic characteristics
and interaction with water of the final product. Young et al. [112]
developed their specific clay mixture by adding chamotte clay (also
known as grog, a type of clay that has been fired at a high temperature
and then crushed into granules or powder) as an additive to the clay
material. Chamotte clay was shown to reduce the sintering stresses and
reduce local cracks and flaws [36]. Furthermore, Young et al. [112] also
added Dispex, a commonly used deflocculation industrial slip casting, to
create maximum fluidity with the lowest possible volume of water
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(again, to reduce shrinkage during drying).

The review of the earth, clay, ceramic, salt, and sand-based papers
shows that the focus of these papers is mostly related to geometrical
investigations. In papers that focus on earth-based materials, Perrot
et al. [91] demonstrate that material extruded using a rectangular cross-
section nozzle exhibits higher compressive strength as opposed to cy-
lindrical nozzles. Table 3 summarizes the different mix-designs devel-
oped for AM with natural and engineered soil. As a matter of fact,
vernacular earthen construction methods rely on the characteristics of
the soil found nearby. Adjustments can be made as needed by devel-
oping engineered soil with the incorporation of clay to enhance plas-
ticity or sand to decrease it.

In terms of water content, earth-based mix designs in conventional
(non-digital) wet construction, such as cob, require an approximate
average of 24% initial water content [96]. Shown in Table 3, the water
content in 3D printed earthen mixtures is similar to traditional earthen
materials or often increased for 3D printable earthen mixtures, assum-
ingly to achieve extrudability. Curth et al. [33] found that the shrinkage
could be linearly reduced by reducing the water content while Ji et al.
[67] also suggest the beneficial effect of increasing sand content for the
same purpose.

Considering the use of natural soils and their inherent variability,
characterization of the soil particle distribution is often shown and may
be outmost importance to correlate with extrudability (given the flow-
ability of the clay vs. the sand within the soil). Moreover, when using
natural soils for 3D printing, the reviewed literature indicates a sifting
process to remove large aggregate, stones, and other organic bodies,
usually using a screening bucket with a grain size of 0-4.75 mm at the
lab [18] or 1-6 mm on site [48,50,91]. Overall, it is shown that the
amount of sand and other aggregates should be less than 85% to avoid
frictional behavior and to ensure pumpability [91,100,111]. Riickrich
et al. [100] evaluated the effect on compressive strength by changing
different clay-to-sand volume ratios. Even if a 1:2 clay-to-sand ratio was
characterized by a higher compressive strength, they found that, for
printability, the mix designs required an increase of the amount of clay
to 1:1 and 2:1 (called respectively in their manuscript M1,gjusted and
M5,djusted)- The choice of soil formulas can also be determined by the
yield stress for printable mixtures [67]. In their research, Ji et al. [67]
aimed at maximizing the sand content and reduce the water content to
reduce the risk of shrinkage.

Overall, Table 3 highlights the large variability and discrepancy in
defining the right clay-to-sand ratios and utilizing different units.

In most of these examples, small amounts of natural plant fibers (0.5
to 2 wt%), such as wheat straw and sisal, are added to prevent shrinkage
upon drying [4,58,59,104]. The authors’ previous work developed
earthen blends incorporating natural fibers, spanning from the con-
ventional “cob” (2%wt fiber) to a newly formulated “light fiber clay”
(featuring up to 13%wt fiber content and constituting 49% by total
volume) [2,18,22].

To prevent earthen materials from deteriorating and to enhance
structural stability, some researchers propose the use of biopolymer
additives [6,48,77]. Potato starch is used as an additive by Silva et al.
[104]. However, they suggested that temperatures around 90 °C are
required to prepare more soluble and homogeneous starch dispersions,
thus questioning the upscaling potential on a construction site. Rice husk
is also used as a bio stabilizer because of its high silica and low alumina
content; however, an excess rice husk content can hinder the evapora-
tion of water and reduce the compressive strength [48]. Sodium alginate
addition was shown to increase the green strength [91] and plasticity
[771. Other biopolymers, such as methylcellulose, chitosan, locust bean
gum, guar gum, and xanthan gum, were found to be effective for the
same purpose [2,18,22]. More traditional, calcined additives are also
used, such as lime-based binder hydraulic lime [4,48,58,59].

Printability tests in the reviewed papers show that the maximum
stable height of an earth-based vertical “lift” (one freshly printed
segment comprised of a series of layers) is 58 cm, which is very similar to
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Fig. 4. Mineral-based research papers categorized according to the AM technique (material extrusion (ME) and binder jetting (BJT)) and the main material sub-
category (earth-, clay-, ceramic., sand-, and salt-based).

Images from: Ref. [3,4,8,15,22,33,43,46,50,58,59,67,79,91,104,106]. Copyright Elsevier, 2024, used with permission.

Images from: Ref. [100], figure by ©Ryan Pourati used with permission. All rights belong to the authors. Ref. [83], picture by ©MAEID (Biiro fiir Architektur und
transmediale Kunst), used with permission. Ref. [111], picture by ©Mohamed Gomaa and Wassim Jabi, Welsh School of Architecture, Cardiff University, used with
permission. Ref. [2], figure by ©Tashania Akemah used with permission. Ref. [18], figure by©Zackary Bryson used with permission. Ref. [52], picture by ©Jared
Friedman, used with permission. Ref. [60], picture by ©Benay Giirsoy, used with permission. Ref. [103], picture by ©Maryam Shafiei, used with permission.
Ref. [112], picture by ©Suzi Pain and the Royal Danish Academy, used with permission. Ref. [29], picture by ©Hyeonji Claire Im, used with permission. Ref. [47],
picture by ©Mehdi Farahbakhsh, used with permission. Ref. [69], picture by ©Marirena Kladeftira, used with permission. All rights belong to the authors.

From Ref. [56], an open access paper under the CCBY 4.0 license.
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Table 2

Studies that focus on mineral-based materials in additive manufacturing, cate-
gorized according to the material sub-category and the main constituent sub-
stance (clay-rich soil, engineered soil, clay).

Mineral-Based Material Family

Subcategory ~ Main Reference
constituent

Earth Natural soil [2]1; [4]; [56]; [100]; [111]; [83]; [671; [104],

[59]; [48]; [91]; [22]; [33]; [18]; [3]; [8]; [50]

Engineered soil [2]; [46]

Clay Clay, left raw [112]; [29]; [60]; [103]; [52]; [47]

Ceramic Clay, burnt in [15]; [79]
kiln

Salt Salt [50]; [43]

Sand Sand [69]; [106]

the traditional cob method [58,59]. Moreover, Gomaa et al. [58,59]
focused their attention on the most adequate pumping system to serve
3D printing with natural soil. As a result, they design a bespoke system
combining screw jacks and a unique dual-cartridge design [58,59]. By
leveraging conventional clay extrusion as a formal language, Friedman
et al. [52] studied methods of woven deposition techniques to achieve
diverse lattice patterning effects along the surface of the printing bed

Table 3
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with a robotic arm. Farahbakhsh et al. [47] worked with adjustments to
process parameters that have geometric effects on the clay material
deposition process, resulting in varied patterns. Giirsoy [60] analyzed
the geometrical variations of deposited clay using circular, elliptical,
and wide nozzle geometries. This work proposed systematic variations
in layer heights and nozzle heights, correlating the distance between the
nozzle and the base plate and the resulted geometrical outcomes, as the
extruded clay layers descended through the effect of gravity and are
autonomously arranged into waves, curls, and sags with each successive
layer.

Berman et al. [15] investigated gravity-stimulated printing design
method for their ceramic coral-inspired prints. The nature-inspired hi-
erarchical honeycomb ceramic structure evaluated by Maurath and
Willenbacher [79] promises excellent mechanical strength at low den-
sity. In their mix design, they also added organic binders, such as palm
wax, burnt during the kilning phase to result in assemblies with porous
structures.

Existing 3D printing that utilizes salt is shown to incorporate BJT
rather than ME technologies. Fratello and Rael [50] used one part by
weight of maltodextrin and eight parts of finely ground powdered salt,
and sake as binder. El-Mahdy et al. [43] incorporated traditional salt-
based building mixtures inspired by Karshif, local Siwa desert earthen
mixtures, while adjusting them to BJT by using proportions of salt, sand,

Mix designs of the earth-based AM papers, in terms of soil, fiber, additive, and water content expressed in wt% (unless specified otherwise).

Natural soil

Natural Soil [wt%] Fiber [wt%] Additives [wt%] Water [wt%] Reference
78-84% natural soil 1% sisal fibers, obtained from Agave sisalana cut in
(composed of 4% medium lengths of approximately 10 mm. The average o o
- 1
sand, 30% fine sand, 41% silt diameter of the fibers was 137 pm, resulting in an 5% potato starch 16-22% (1041
sizes, and 25% clay) aspect ratio (1/d) of 73
73% subsoil 2% straw / 25% [58,59]
67.6% subsoil / 2% alginate 30.4% [91]
. ([56];
— 0/ 0, " 0,
72-73% subsoil 2% straw 25-26% [58,591)
Filtered soil / hydrogel / [83]
30% w/v subsoil, 15%w/v silica
sand, 22%w/v clay (with 1:1 15%w/v straw / 18%w/v [111]
ratio of China and ball clay)
79.4% natural soil (GU) o
(60% sand, 32%silt, 8% clay) / / 20.6% (671
Recommends using the jar test to
identify a soil with less than No info No info No info [50]
30% clay
_279 i 0 70/ by . .
43-27% natural soil (10% clay 2-10% fiber (hemp, sisal, straw, kenaf, banana leaf) 2 ?A) biopolymers (methyl cellulose, sodium alginate, 55-60% [2]
content) chitosan, locust bean gum, guar gum, and xanthan gum)
3-63% natural soil
- 0, i _50, i i _ 0,
(10% clay content) 4-13% fiber (straw) 2-5% biopolymers (alginate, methylcellulose) 31-79% [18]
3-13% natural soil 8-13% fiber (straw, hemp, kenaf and banana 5% biopolymers (alginate, methylcellulose, locust bean 60-79% [22]
(10% clay content) pseudostem) gum) ’
0 i 0, 0,
82%s0il (30% clay and 70% 206 fiber (straw) / 16% [33]
sand)
Engineered soil
Engineered Soil [wt%] Fiber [wt%)] Additives [wt%] Water [wt%] Reference
46.22% natural soil (68.24% 8.25-11% hydraulic lime binder, 1.41% unaltered rice
clay+silt, 28.8%% sand, 0.5% natural fibers, including jute, coconut, sisal husk, 1.375%shredded rice husk, 1.375-2.75% marble 24-20% [46]
2.96% gravel), 18.78-22.78% and goat hair waste dust, 2.75% municipal solid waste incinerator 0
sand bottom ash, 8.25-11% cement
70.42% natural soil (composed o T . o s o
of 30% clay, 40%silt, and 30% Y ji.;A;nLl;x]:le-based binder, 4.69% Hydraulic lime, 1.4% No info [48]
sand), 18.78% silica sand
38.53-52.63% clay, o o 1 o
11.11-17.73% sand 1.06-1.5% straws 7.08-11.63% lime, cement 2.40-2.48 24.19-31.91% [4]
_95.49 _61.6% _0.05%
37.4-25.4% clay, 45.6-61.6% 0-0.05% o / 13-17% [100]
sand cellulose microfiber
73% engineered soil (49% sand, ) o £ ) o
34%silt, 17% clay) Min 0.5% fiber (nim 2 cm length) / 26.5% [671
83.2% engineered soil (34% clay o
and 65%sand) / / 16.8% (8]
0, ini 0
13 vol% Kaolinite and 50 vol% / 1 vol% methylcellulose 13 vol% [2]

Ottawa sand
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and Ethylene-vinyl acetate polymer binder of 2:1:0.5, with the binder
making up to 14% of the total mixture. Kladeftira et al. [69] explored the
possibilities and challenges of using natural sand within outdoor, on-site
BJT settings. Specifically, they discovered that employing phenolic
substance at 150 °C to sand in BJT increases resistance to breakage as
opposed to a petroleum-based resin binder.

3.3.2. Bio-based family

Bio-based materials found in 3D printing are mostly divided between
plant-based fibers and plant-based biopolymers (Fig. 5 and Table 4). In
case of naturally-occurring and fully biodegradable 3D printable bio-
polymers, which do not require any source of heat upon extrusion, pa-
pers were found to include cellulose ([20]; [71]; [19,40]; [24]; [99];
[37,70]1), xanthan gum [1], soy protein [74], tapioca starch [95], corn
starch ([49]; [72]), chitin/chitosan [39,114], agar [75], and lignocel-
lulosic fibers ([98]; [54]; [38D]).

3D printing using natural plant fibers is shown to mainly utilize
finely-shredded plant fiber, and very few attempts are shown to incor-
porate long plant fiber in 3D printed materials. The LivMatS pavilion
stands out as one of the limited instances of, namely flax, with a coreless
filament winding (CFW) fabrication technique [54]. This paper com-
pares a fully biobased epoxy resin vs. a fossil-based one, deciding to use
only the fossil-based one to optimize the structural design. Additionally,
the use of hydrophilic fibers like flax poses impregnation challenges
when combined with epoxy resin; addressing these issues requires ad-
justments at the fabrication level and further exploration of suitable
fiber-resin combinations, complemented by impregnation tests.

Rech et al. [98] developed 3D printable mixtures with xanthan gum,
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Table 4
Research papers on 3D printed bio-based materials, categorized according to the
main constituent substance.

Material Subcategory ~ Main constituent Reference
Family
Fiber I.:lgnocellulosw (1981; [541; [38])
fibers
Cellulose [20]; [71]; [401; [19]; [24];
[99]; [70]; [371; [26]; [39]
. Soy protein [74]
Bio-Based . Corn starch [49]; [72]
Biopolymer ¢ itinychitosan [391; [114]; [37]
Xanthan gum [11; [26]
Agar [751; [26]
Other [26]

which serves as a binder for cellulose insulation, and sawdust, along
with a blend of bio-based plasticizers (glycerol) and water, for flow
properties. They also explored various reinforcing fillers, demonstrating
that a small incorporation of inorganic material (vermiculite) can
notably enhance the mechanical properties of bio-based mix designs not
only during printing, but also in its final form after drying. Additionally,
the study illustrates that the introduction of calcium ions could amplify
the binding effect of xanthan gum, and when combined with an increase
in binder concentration, could enhance the early-age strength of the 3D
printed material [98]. Choi and Yi [26] developed several material
recipes with biopolymers and natural wastes, while documenting the
numerous trials and errors in material ratios and compositions. Their
study shows that cellulose and kaolin clays can serve as fundamental

Bio-Based
Material Extrusion (paste)
Biopolymer

Choi and Yi, 2024

el for

Knaack et al, 2022 Figueiredo et al., 2022

irposes: (a) top view: b)side view:

Dubois et al., 8

Klemmt et al., 2022

Campos et al., 2021 Rossi etal, 2021

Fig. 5. Research papers on 3D printed bio-based materials, categorized according to material extrusion (ME), and the main constituent (plant-based fiber and plant-

based biopolymer).

Images from: Ref. [26,37,38,40]. Copyright Elsevier, 2024, used with permission. Images from: Ref, [20,49]; [19], picture by ©Tatiana Campos, used with
permission. Ref. [71], picture by ©Dunia Abdullah Agha, used with permission. Ref. [60], picture by ©Benay Giirsoy, used with permission. Ref. [70], picture by
©Christoph Klemmt, used with permission. Ref. [75], picture by ©Gitit Linker, used with permission. Ref. [72], picture by ©M. Kretzer and S. Mostafavi, used with
permission. Ref. [1], picture by ©Secil Afsar, used with permission. Ref. [99], picture by ©Gabriella Rossi, used with permission. All rights belong to the authors at
CITA / Royal Danish Academy All rights belong to the authors. Images from: Ref, [54,98], open access papers under the CCBY license. Image from [39] (all the

images are retrieved from https://oxman.com).
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elements for maintaining morphological integrity, while their use of
eggshell, charcoal, and chlorella is shown to slow down biodegradation
and mitigate shrinkage caused by water evaporation.

Several examples explore -cellulose-based pastes in additive
manufacturing, focusing on their printability characteristics, and the
potential of using cellulose derivatives from recycling paper wastes [20];
[711; [19]; [24]. These studies all show that cellulose-based pastes mix
designs heavily rely on the quantity of added water. Duro-Royo et al.
[40] use cellulose microfiber to obtain volumetric composite in a flow-
based fabrication process. To control the shrinkage once dried, Rossi
et al. [99] added sensors between layers to track the curing of the 3D
printed cellulose-biopolymer objects. Klemmt et al. [70] used compo-
nents that are either biodegradable or biocompostable, occurring natu-
rally in the environment.

From a circular economy perspective, some biopolymers are selected
in these studies given their abundance in the region where the research
takes place, or even globally, such as corn starch and soy protein
([49,741; [72D).

Multi-material structures made from blends of chitosan and cellulose
were shown to be fully biodegradable, lightweight, and capable of self-
support [39,40]. Dritsas and Fernandez [37] developed a process using
cellulose and chitin, to create a fungus-like adhesive material deposited
using an extrusion-based method. Instead of relying on the growing
properties of fungi, these materials are artificially created to have
similar mycelium composition but without the controlled conditions
required for a living organism. These materials could be used for rapid
prototyping when the objects produced are often impermanent, such as
furniture, but also concrete formworks. Other fiber-biopolymer com-
posites are shows to exhibit critical features in 3D printing. Flax shive-
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3.3.3. Living-based family

Fig. 6 and Table 5 group the identified research papers on 3D
printing with living organisms according to the organism used, namely
mycelium, bacteria, algae, and silkworms. Some of these papers include
a base paste with clay, fibers, and biopolymers. However, these papers
were grouped together in a separate material family in order to highlight
the main feature in these material solutions: to sustain the growth of
organisms as the main binder, or “glue”.

3D printing with mycelium is shown to mainly use the saprophytic
fungi strain, which typically feed on lignocellulosic fibers and can be
printable with a rheology modifier. It is therefore observed, in this line
of work, that the development of a paste that could serve both as an
extrudable and feeding solution for fungal nutrient is key [105]. To be
used in 3D printing, clay or other biopolymers, such as chitosan, are
shown to be mainly added to the fibers as a binder or viscosifier, and to
assure buildability. Prior to the growth of mycelium, the 3D printed
fibrous substance required a “temporary” binding agent to ensure shape
retention in the desired configuration [55].

In 3D printing with mycelium, the living mycelium spawns or liquid
cultures are inserted before printing, without the ability to regulate, or
more precisely, “program,” the growth of the mycelium itself in response
to design requirements [55]. Other, more manual inoculation strategies
are shown to work well when “implanting” the mycelium spawns within
the contour areas while printing [23]. In both cases, the base paste, as

Table 5
Research papers on 3D printed microorganism-based materials, categorized
according to the material family, subcategory, and the main binder.

A i ) . Material Family Subcategory =~ Main binder =~ Reference
based lightweight composites have been demonstrated to be 3D prin-
ted in a process where a paste mixture of plaster and/or quarry fines is Funei Clay Eéi]] [[5157]] [[Zi]]; [[3;5]]
. . . . . . ungi . ol5 5 5 Lools
used to impregnate the fibers, resulting in a composite that rapidly Microorganism- Biopolymer [84]
hardens (in less than 30 min) to form an insulation layer. This layer based Bacteria Bacteria [71; 1121
could potentially serve as support for the printed structural material in a Algae Microalgae  [32]
multi-material printer system [38]. Warm Silkworm [89]
Living-based
Fungal Mycelium Bacteria Silkwarms
5>
S0
¥ —

R
oidea et al., 2020

Bassereau et al., 2022

Crawford et al,, 2022 Oxman et al.,, 2014

Arnardottir et al., 2022

Fig. 6. Research papers on 3D printing with living-based materials, categorized according to the type of organism used (Mycelium, Bacteria, Algae, Silkworms).

Images from: Ref. [17], Copyright Elsevier, 2024, used with permission. Images from: Ref. [35]. MYCO-ALGA by bioMATTERS. 3D printed mycelium and algae tiling
system. Image provided courtesy of authors. © 2023 bioMATTERS, LLC. All Rights Reserved. Ref. [23], picture by ©Olga Beatrice Carcassi, used with permission.
Ref. [24], picture by ©Ruxandra Stefania Chiujdea, used with permission. Ref. [66], picture by ©Julian Jauk, used with permission. Ref. [31], picture by ©Claudia
Colmo, used with permission. Ref. [12], picture by ©Aurélie Mossé, used with permission. Ref. [7], picture by ©Martyn Dade-Robertson, used with permission.
Ref. [32], picture by Assia Crawford, used with permission. All rights belong to the authors. Images from Ref. [55,84,89]1, open access papers under the CCBY license.

Ref. [105], an open access article under the CCBY 4.0 license.
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well as the mycelia strain, are key for both printability and inoculation
performance. Strains such as the Byssomerulius corium and Gloeophyllum
sp. are shown to 3D print well when mixed with sawdust chips, paper
pulp, kaolin clay, and water to fabricate modular elements that form a
spatial column [55]. Mix designs with mostly fibers and psyllium husk
powder were shown to be fine enough to avoid fiber clogging at the
nozzle level, while ensuring successful inoculation of the fungal myce-
lium [17]. Overall, it shown that mostly cellulosic components — such as
recycled paper or cotton fibers — work best for this type of 3D printing.
When mixed with water, a binding agent (biopolymer), a viscosifier
(such as glycerin) and oftentimes additional nutrients (such as wood
flour), such mix designs can obtain slurry consistency needed for 3D
printing [24]. Other studies developed extrudable pastes by combining
industrial and domestic materials often discarded, such as cardboard
and sawdust, as mycelium substrates with algae and bacteria as natural
dyeing [35]. Shredded paper was also shown to work well with natural
gums as gelling agents, such as in the case with Pleurotus Ostreatus oyster
mushroom and xantham gum [84]. The Pleurotus Ostreatus strain was
also shown to be successful in a direct inoculation on top soil mixed with
different biopolymers (i.e., xanthan gum, guar gum, water, wet hay,
glycerol, molasses, perlite), for architectural potentials of mycor-
emediation (the phenomena in which fungi is used to degrade or isolate
contaminants in soil) [98].

During the design and assembly of modular elements that are 3D
printed with fungal mycelium, it is necessary to control shrinkage to
ensure geometrical alignment within the final design. Volumetric
shrinkage with 3D printed mycelium is reported to be up to 30% [55].
The structural capacity of mycelium-based is shown to range between
204.28 and 278.30 N [66]. Here, the mean tensile strength is shown to
increase by 67% with Pleurotus Ostreatus mycelial growth, as opposed to
the hardened mixture of clay and sawdust without mycelial growth [66].

Avoiding contamination was also shown to be key in 3D printed
fungal mycelium; it is also shown that cleaning all machine parts that
will be in contact with mycelium with a 70% ethyl alcohol solution is
proven most helpful [17].

For 3D printing with other living, bacterial substances, a few dem-
onstrations emerged in recent years. Porosarcina Pasteurii is one of the
most efficient non-pathogenic bacteria used for microbially induced
calcite precipitation (MICP). Different inoculation approaches were
shown to be possible for this strain, including: 1) spraying the bacteria
on the dry 3D printed nutrient substance, and 2) integrating the bacteria
within the nutrient substance while still wet before printing. One
prominent example is “Papier Plume”, a project that developed 3D
printed nutrient foam derived from locally sourced paper waste, that can
undergo 3D printing and be fortified through bacterially-induced calcite
precipitation [12]. 3D printing with bacteria requires a secondary
treatment with urea and calcium salt, which should be administered to
trigger the nutrient foam’s calcification through urea hydrolysis. Other
bacteria, such as the Komogataeibacter xylinus, can be used to produce
bacterial cellulose following the printing process, as demonstrated by
Arnardottir et al. [7].

Lastly, additional substances that are derived from the animal world,
like silkworm, was shown to be a potent 3D printing material. For
instance, the “Silk Pavillion” explores Bombyx Mori silkworm’s capacity
to build a 3D cocoon from a single filament [89].

3.3.4. Additional additives

Despite their environmental and health-related benefits, natural
materials often exhibit challenges in terms of their durability and
structural capacities, which are lower than engineered materials such as
petroleum- and cementitious-based materials. As a result, researchers
are actively exploring the incorporation of stabilizing additives into
their 3D printable mix designs to enhance mechanical properties.

Fig. 7 visualizes the identified additives and their use in 3D printed
natural materials. As part of this review investigation, the analyzed
papers were systematically cataloged according to the based material,
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the additive, and its function in the mix design, showing that the main
use of additives is to reinforce or stabilize earth materials with bio-
polymers and lime.

Since a paste extrusion logic is used in all the material families
categorized in this study, additives are fundamental in easing the ma-
terial passage through the nozzle. One of the main constituents of typical
3D printable pastes is water. However, when the quantity the water is
excessive, shrinkage and cracking increase. To reduce the water quan-
tity, materials such as clay, chitosan, and cellulose are used to enhance
the flowability, modify the rheology, act as thickening agents, and
plasticize the mixtures to obtain more viscous materials for 3D printing
applications.

Earth mix-designs are shown to be reinforced with both biopolymers
such as sodium alginate, which was demonstrated to increase
compressive strength by 7% [91] and faster structural build-up [57].

The second most used additive involves lignocellulosic fibers (cate-
gorized in the Bio-Based Material Family as plant-based fibers in this
paper) used within earth, cellulose and mycelium mix designs to reduce
cracking and improve ductility [48,49,58,59,76,104]. Natural fibers are
also utilized as fillers and as nutriments for mycelium [23,66]. In
mycelium-based examples, fibers are the main constituents, however, to
assure extrudability and buildability materials such as clay and bio-
polymers must be added [55]. Gypsum and natural prompt cement can
also be used as binders [38]. Prompt cement is siliceous cement formed
in lower temperature ranges of 800-1200 °C, thus representing a more
sustainable alternative to Portland cement. Moreover, quarry fines can
also be used as a low plastic clay by washing concrete aggregates.

3.4. Properties of 3D printed natural materials

The reviewed research was cataloged according to a range of per-
formance parameters, in order to identify the predominant performance
analyzed in 3D printed natural materials, and identify missing areas of
research. Shown in Table 6, the state-of-the-art literature was cataloged
according to the following performance categories: material character-
ization, structural, thermal, environmental, printability, and geomet-
rical performance.

A strong attention is shown to be paid to the characterization of raw
materials, especially when natural soils are employed, assumingly due to
their high variability. Particle size distribution, electron microscopy
imaging, and X-ray diffraction (XRD) analyses are shown to be mostly
used in the literature to address the variability of natural soils and clays.
Structural investigations are analyzed to evaluate the mechanical
behavior, especially compressive strength, of novel mix designs and to
assess load-bearing capacity vs. infill possibilities, which is often con-
ducted in the analyzed papers in comparison with traditional materials.
Earth based materials are the most analyzed for their compressive
strength with results vary between 0.87 MPa to 3.70 MPa
[8,22,33,46,48,58,59,104]. The variation depends to the presence of
fibers, stabilizers and nozzle geometry. The new SaltBlock demonstrated
on the other hand a compressive strength of 9.5 MPa (relatively similar
to old masonry Karshif) with a density of 1.4 g/cm3 [43]. In contrast,
concrete and fire bricks have a compressive strength of 24 MPa and 12
MPa respectively. Young’s modulus of around 200 MPa can be achieved
for lignocellulosic waste fibers and particles mixtures by adding 2.6 wt%
of xanthan gum and a 0.2 M concentration of calcium chloride [98]. The
peak strength of silica sand, gypsum powder, and coated silica beads
fabricated through binder jetting and selective laser curing were 6.21
MPa, 9.14 MPa, and 8.15 MPa, respectively [106]. Mixtures of chitosan
with mycelium-enriched bamboo yielded a compression modulus of 40
kPa, compared to 240 kPa without chitosan [105]. In another study,
oyster mycelium is grown on shredded paper, wheat bran, and guar gum
to prepare a material that can be extruded and offers sufficient me-
chanical strength, namely a Young’s modulus 78.3 MPa [84].

In the case of natural fibers filament-wound composite structures, for
instance, the experimental results are used to feed the computation
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Material

Earth

Mycelium

Cellulose

Biopolymer

I Bacteria

I Clay
I Fiber

B Ceramic

W Agar

MW Xanthan gum
= Chitin/Chitosan
= Flber

= Microalgae

= Salt

Function

Reinforcement

Rheology modifier

Flowability

IStabi\izer
I Filler

I Viscosifier

] Shrinkage reduction
] Binder

I Mycelium nurtriment
B Foaming agent

B Adhesive

B Gelligy agent

B Thickener agent

B Improve bindery

M Plant griwth

W Plasticizer

|

n’

M Natural dye

= \/iscosity modifier
= Flller

= Gelling agent

= Porosity once burnt
= Carbon capture

= Deflocculant

= Placticity

= Aggregate

- Buildabiliéy

= Prevented phase segregation
= Binding agent

= | ubricant

Additive

Lignocellulosic fiber

I Sodium Alginate

IXanthan gum

I Methyl cellulose
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Reference

Akemah et al., 2022

Choi et al., 2024

Knaack et al., 2022'

Chitosan
I Additive origin Bassereau et al,, 2022'
I Gy g Carcassi etal., 2024'
I Locust bean gum Colmo et al., 2020'
I Carboxymethyl-Cellulose Campos et al 2021.
Starch
i Dubois et al., 2018.
B Cellulose /N
B Cly Ruckmf‘hAet al, 20220
— L95|n\ etal 20211
B Cellulose microfibres Goidea et al., 2020
m Oyster shell P Modanloo et al., 20221
W Coffee ground Linker et al., 2023 1
W Kelp Campos et al, 20228
W Glycerin Young etal, 20221
W Chlorella vulgaris Claire Imet at., 20188
| Psyllium husk Gomaa et al,, 20221
W Eggshell Algenaee et al,, 20228
= Alfalfa seed Ferretti et al., 20221
- éga;_iagar Bryson et al., 20221
: P\e/g' Changetal,2015m
= C14TAB: Silvaetal, 2022 1
- gwyl : Gomaa et al, 20218
= Charcoa
= Collagen Rggh etal, 20221
= Gelatin Diniz et al, 20231
- Eﬂhalkj Sohetal,2020m
= Mgso - 4
- Le%ithin Mineral Chiujdea et al., 2020m
= Sodjum silicate Jauk et al, 20211
= Palm wax ] Afsar etal, 20221
= Alcohol-based furan resin Duro-Royo et al., 2015m=
- ghamotte Other Berman et al., 2023m
=Dispex Maurath et al.,, 2017 =
= Alchol Song et al., 2023 =
= Nylon fiber Duro-Royo et al,, 2017m
= Agar gum Living Shafiei et al,, 2023 m
= Gellan Galdn-Marin et. al., 2010m
= Hydrogels Perrot et al,, 2018 m
= Potato starch Mitterberger et al.,, 2019m
o Keita et al, 2014 =
- Ic_:lgnm Nakamatsu et al., 207 7=
=-Carrageenan Gomaa et al,, 2079m=
= |inseed ol

= Shea butter residue

= Residues of beetroot and tomatoes

= Casein
= cooking oil

= Natural prompt cement (PC)

= Gypsium

= Quarry fines

= \/ermiculite

= Calcium ion

= Kappa Carrageenan
= Bacteria

= Molasses

= Glycerol

= Ethylene-vinyl acetate polymer (EVA)
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Fig. 7. Additives used in natural materials mix designs in AM, and the identified related functions served (data are available in Appendix A). Alluvial graph created

with RAWGraphs [80].

software and simulate through Finite Element Model (FEM) the behavior
of complex shapes that are only possible with the geometrical freedom
provided by additive manufacturing [54]. Similarly, Gomaa et al. (2021)
utilized Galapagos in the Rhino-Grasshopper package to optimize the
wall cross section geometry in terms of printing path, nozzle size and
wall depth and shell thickness to obtain a structural low-rise

construction 3D-printed cob walls.

For environmental performance, several papers develop a lifecycle
analysis (LCA) of the materials used, three of them [46]; [54]; [22]
limited their analysis to only to the embodied carbon, while embodied
energy analyzed only in one study [43]. A full-spectrum analysis from
cradle-to-gate was also shown to be limited to one study [54]. The
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Table 6
Properties of the 3D printed natural materials identified in the state-of-the-art.
Performance Subcategory Reference
Category
Granularity testing and [67]; [46]; [106]; [18]; [8];
particles size distribution [33]
Microscopy (SEM) [105]; [46]; [2]; [89]
XRD [81; [91]
Material Biflding force between the [66]
characterization printed layell's .
Thermogravimetric
. [67]
analysis
Porosity [67]
Mass Transfer Coefficient [67]1
Jar (shake) test [33]
[46]; [98]; [106]; [43]; [41;
Compressive strength [105]; [84]; Gil [54]; [18];
[81; [58,59]; [38]; [22]; [33]
Shrinkage [46]; [103]; [98]; [12]; [33]
Flexural Strength [46]; [4]; [18]1; [8]
Rheology [791; [71]; [67]; [8]
Tensile [105]; [39]; [66]
Mechanical Plasticity [41; [8]
Performance Fall cone test [671; [100]
Atterberg limits [671; [46]
Splitting tensile [4]
Viscosity [98]
Flow table [8]
valte e.lement method [54]
simulation
Workability (Vicat test) [38]
From the cradle to the gate .
only GWP 15415 [22]
Environmental Embodied carbon binder [46]
Performance Recipe Middle point [50]
Embodied energy [43]
Cradle-to-site [3]
Cradle- to- cradle [33]
[43]; [56]; [201; [112]; [711;
Pattern [231; [47]1; [52]; [721; [75];
[83]; [111]; [58,59]
Cu.rv;.iture and continuous [19%; [52]; [75]
Geometrical printing path
Investigation Nozzhle SAh ape . (601
Monitoring of the curing
[99]
process
Multi-material system [38]
Gravity-Stimulated Printed [15]
Designs.
Thermal conductivity [46]; [56]; [38]
Thermal Thermal transmittance [43]
Performance Specific Heat Capacity [38]
Thermal Simulation [89]

Buildability and [4]; [71]; [100]; [17]; [19];
Printing Parameters  Extrudability [1]; [701; [671; [21; [18]; [8]
Flow assessment [40]; [47]; [1007; [8]
Oterpetomaee SO O
Parameters Y [98]

(accelerated weathering)

environmental performance is mostly enumerated for binders, whereas
the other constituents make a negligible contribution to CO5 emissions
when compared to the binder. The environmental analyses show the
carbon emissions of 3Dprinted natural materials binders range between
0.052 kgCO2e/kg for rice husk, marble dust, and lime, to 0.077 kgCO2e/
kg when cement is used [46]. The ReCiPe endpoint-score LCA method is
used for materials like salt, showing a 80% reduction of environmental
impacts as opposed to PLA [50]. For end-of-life phases, the full recy-
clability of earthen construction with a cradle to cradle approach was
shown to result in a printable mixture after immersing the components
for 24 h [33].

Additional research investigates the thermal performance of 3D-
printed cob by focusing on a specific cob mixture and conducting tests
with diverse geometric extrusions [56]. Employing a Heat Flow Meter,
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this study demonstrated that the precision facilitated by digital con-
struction technology led to a substantial 23% reduction in thermal
conductivity, attributable to the incorporation of air pockets (from 0.48
W/mk to 0.32 W/mk). Moreover, manually filling these air pockets with
straw was observed to result in an additional 7% decrease in conduc-
tivity. The thermal transmittance (U-Value) is instead calculated for the
SaltBLovk cavity wall prototype [43], which performed better (0.94 W/
m?K) than a traditional 12 cm-wide fire brick wall (2.45 W/m?K).

Multiple studies aimed at characterizing printability of new mix-
tures. Qualitative analysis of extrudability (i.e., the characteristics of a
material to be easily extruded from a nozzle) and a quantitative
approach for buildability (i.e. number or consequent layers that the
material can hold before collapsing) are shown to be used most ([4];
[711; [1,2,17,19,67,70,100]. Others have devised processes relying on
the utilization of diverse materials deposited through varying motion
speeds, fluctuating pressures, and a range of water-based viscous ma-
terial compositions [40]. Adjustments of printing parameters for specific
geometric effects on the material deposition process are also shown to be
used [47]. Digital image correlation of the in situ printing test can also
been employed to assess the buildability and layer collapsing over the
effect of gravity and the load of consequent layers [8]. A comprehensive
checklist of characteristics that must be fulfilled to make a mixture
printable, namely workability, flowability, pumpability, extrudability,
buildability, shape retention, open-time, interlayer adhesion, and
printability, is offered by Teixeira et al. [108].

Additive manufacturing enables new opportunities in terms of
bespoke mix designs but also geometrical, pattern, and textural in-
vestigations. With a strategic material deposition, it is possible to
enhance the thermal properties [43,56], and suggest the exact location
for additional material deposition performance [23]. The optimization
of the printing path, also called contour crafting, assures the creation of
a continuous curve, which can take into account the difficulty of as-
suring the retraction of the material during nozzle travels and avoid
possible delamination [19]; [52] [75]). Layer height and nozzle size/
geometry are key parameters that can affect the final quality of the
printed objects [60].

Upon drying, natural materials tend to evaporate their water con-
tent, hence it is fundamental to calculate the shrinkage intensity to be
able to include it in the design phase. With this intent, movement sensors
within the printed layers can be used [99], or, otherwise, a general rule
of thumb can be shown for earth construction to be an approximate 15%
shrinkage [82], while 30-35% for biopolymer pastes [37]. Even if most
of the examples here collected work with a 3-axes deposition logic, other
studies utilized the spatial freedom provided by robotic arms to create
lattices [24]; [29]; [54]. The mix designs developed to this end tend to
be more viscous and have a lower water content to retain the spatial
shape, sometimes even without the support of a base layer. In other
cases, the effect of gravity on filament deposition is intentionally used to
generate gravity-simulated printed objects [15].

4. Conclusions

In the past decades, emerging research has been established in the
building design and construction fields to advance additive
manufacturing (AM) using low-carbon and socially-equitable natural
materials. To investigate and analyze the state-of-the-art in this trend,
this paper presents a systematic review that sheds light on the tech-
niques, mix design ingredients, additives, and performance parameters
of natural materials in AM. Three main material families are identified
and thoroughly analyzed: mineral-based, bio-based, and living-based.
Consequently, this review aims to offer a comprehensive overview of
existing studies on AM and natural materials, intending to guide new
research initiatives and identify potential future trends in the field.

In the literature review, 80 papers were analyzed. The findings were
grouped per natural material families, AM technology used, mix designs
and types of performances. Fig. 1 illustrates the growing interest in the
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topic since 2017, following the studies on robotically extruded clay and
Oxman’s research on biological materials and advanced technologies.
Table 2 highlights that the journal “Construction and Building Mate-
rials” predominantly publishes on this topic, with eCAADe, ICSA,
CAADRIA and ACADIA recognized as high-level conferences in the field.
Fig. 3 indicates that Material Extrusion without heat is the preferred
method for working with these materials. Figs. 4, 5, and 6 help visualize
the current state of the art and the design appearance/scale of these
materials. Table 3 emphasizes the two different approaches to printing
with earth materials: the use of natural soil versus engineered soil.
Additionally, it highlights the variability in proportions of sand, clay,
and water. These discrepancies in the literature are likely due to the
intrinsic variability of natural soil and the different types of clay min-
erals that can be found. Therefore, when developing new earth mate-
rials, it is crucial to compare studies using similar types of soil by
performing particle size distribution, electron microscopy imaging, and
X-ray diffraction (XRD) analysis. When working with bio-based mate-
rials, fiber length and durability issues are still open topics that required
further attention. In the case of living materials, only a limited number
of organisms were utilized in this particular field; therefore, in the
future, unexplored species of bacteria, mycelium and others could
potentially open new avenues in hybrid living/non living combination
of manufacturing methods.

In 3D printing, achieving the right extrudable and buildable mix
design is essential for a successful process. Fig. 7 allows for navigation
through the different constituents used for various material families and
their respective functions showing that typically additives are used to
reinforce natural material mix design. Table 6 provides guidance on the
analyzed performances in terms of material characterization, structural,
thermal, environmental, printability, and geometrical aspects.

Emergent trends in the literature show that very recent and, pre-
sumably, future research is to focus on the structural, environmental,
durability, material characterization and lack of codes and standards
that could potentially facilitate the spread use of natural materials in
construction. The analyzed literature shows that the majority of research
efforts are focused on the geometrical or printability potential of earth-
and biopolymer-based mixtures. However, no specific attention was
dedicated to combined natural materials and bio-inspired geometries.
The performance aspects of these elements, particularly their structural,
durability, and shrinkage properties, show a strong tendency to focus on
the material characterization and compressive strength of printed mix
designs. Table 6 highlights that there is a lack of codes and standards for
researchers to compare material properties, printing settings, or per-
formance measurements which often rely on conventional techniques
ones. This suggests a need to create a generalized database to facilitate
and promote the use and spread of these material.

This review aims to provide readers with a comprehensive overview
of the current knowledge on natural materials for additive
manufacturing while highlighting recommendation for future studies. In
particular, further research should focus on correlating material prop-
erties with specific applications and identifying appropriate architec-
tural uses. Durability remains a critical challenge as the scale of
application increases. Therefore, bio-inspired design methodologies and
natural coating systems, such as oils, require further investigation. A
shift in maintenance practices is also essential, as incorporating natural
materials necessitates an acceptance of natural cycles and timelines. The
use of materials that are naturally degradable within a human timescale
is crucial for the sustainable use of planetary resources. Promoting a
culture of care and repair for these materials is preferable than relying
on synthetic, long-lasting materials that contribute to increase the
landfill waste. This approach not only respects the environment but also
fosters a more sustainable relationship with the materials used as well.

Moreover, the availability and sharing of data regarding material
ingredients, when extended to encompass a broader analysis beyond
construction materials alone, could significantly contribute to the
advancement of innovative mix designs. Examples of locally sourced
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materials and reinterpretation of traditional techniques suggest [43] an
interesting way to enlarge the combination of AM with human crafts and
local materiality. However, an in-depth exploration of environmental
and social life cycle assessment details to validate the often-only
assumed hypothesis of their positive impact and the consequences of
including a machinery vs human labor is still missing in the literature.

One of the limitation of the study is that the analysis started without
a definition of natural materials a priori. In fact during the cataloging
phase, the authors had to question the very definition of “natural ma-
terial,” and as a result, it became possible to propose a tailored defini-
tion. In conclusion, natural materials are here defined as locally available
from biological, living and geological resources, low-carbon, recyclable,
and/or safely disposable. Moreover, they need to be transformable or
minimally processed through accessible technologies that could be used in
and near the construction site to lower the distance between the pro-
duction and the fabrication locations. In future analysis, the concept of
origin should not solely focus on the biological or geological sphere, but
rather expanded to other readily available waste materials coming from
the Technosphere. Moreover, considering durability performance,
maintenance requirements should be key during the conceptual and
construction phase. Another limitation of this work is the small size of
the corpus, namely 80 papers. Here the focus was on scientific contri-
butions, while a lot of the work on natural materials for AM as been
developing in not research oriented milieux, such as makers collectives
and FabLab’s and in experimental designers’ practices that use other
means of disseminating their work.

When it comes to minimally processed materials from biological and
geological resources, one can be forced to face and incorporate a certain
degree of material variability. Simple and “low-tech” fabrication pro-
cesses should be developed to harness local material availability,
traditional practices, and opportunities for emergence in digital fabri-
cation. Adopting the Ruskinian concept of savageness, this review con-
forms to Dickey’s proposal for future development, encouraging a
departure from technology’s inclination to produce uniform outcomes.
Instead, this work embraces the notion that qualitative characteristics
emerge from imperfections, including material irregularities introduced
by machines and natural material variation [34]. The ultimate goal of
this work is to catalyze 3D printing using natural materials in large-scale
building scale for the outdoors. So far, the scale remains at the material
or component/pavilion level, with little to no examples at the archi-
tectural scale. Future applied research should focus on large-scale
development, testing for weather resistance, and assessing the aging
behavior of 3D-printed objects in commercially available systems.

The presented work asks to deepen knowledge in order to inform
building standards, machinery development, and design demonstrations
that utilize sustainable and just material practices for all, informed by
equitable decision-making when planning future testing campaigns.

CRediT authorship contribution statement

Olga Beatrice Carcassi: Writing — review & editing, Writing —
original draft, Visualization, Validation, Methodology, Formal analysis,
Data curation, Conceptualization. Lola Ben-Alon: Writing — review &
editing, Validation, Supervision, Funding acquisition, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.



O.B. Carcassi and L. Ben-Alon

Acknowledgement

This research is based upon work supported by the National Science
Foundation under Grant No. # 2134488. The authors would like to
thank the assistants at the Natural Materials Lab who are continuously
contributing to inspire the investigation of this research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.autcon.2024.105703.

References

[1]

[2

—

[3

=

[4

=

[5

s}

[6

—

[7

—

[8

[}

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Secil Afsar, Alberto Estévez, Yomna Abdallah, Gozde Turhan Haskara,

Berfin Ozel, Aslihan Doyuran, Activating co-creation methodologies of 3D
printing with biocomposites developed from local organic wastes, in: B. Pak,

G. Wurzer, R. Stouffs (Eds.), Co-Creating the Future: Inclusion in and through
Design - Proceedings of the 40th Conference on Education and Research in
Computer Aided Architectural Design in Europe (eCAADe 2022) - Volume 1,
Ghent, 13-16 September 2022, 2022, pp. 215-224, https://doi.org/10.52842/
conf.ecaade.2022.1.215.

Tashania Akemah, Lola Ben-Alon, Developing 3D-printed natural fiber-based
mixtures, in: Sofiane Amziane, Ildiko Merta, Jonathan Page (Eds.), Bio-Based
Building Materials, RILEM Bookseries, Springer Nature Switzerland, Cham, 2023,
pPp- 555-572, https://doi.org/10.1007/978-3-031-33465-8_42.

Hashem Alhumayani, Mohamed Gomaa, Veronica Soebarto, Wassim Jabi,
Environmental assessment of large-scale 3D printing in construction: a
comparative study between cob and concrete, J. Clean. Prod. 270 (October)
(2020) 122463, https://doi.org/10.1016/j.jclepro.2020.122463.

Amnah Algenaee, Ali Memari, Experimental study of 3D printable cob mixtures,
Constr. Build. Mater. 324 (March) (2022) 126574, https://doi.org/10.1016/j.
conbuildmat.2022.126574.

ArchDaily, TECLA Technology and Clay 3D Printed House / Mario Cucinella
Architects, ArchDaily, 2021. April 27, https://www.archdaily.com/960714/tecla
-technology-and-clay-3d-printed-house-mario-cucinella-architects.

Samuel J. Armistead, Rebecca A. Mikofsky, Wil V. Srubar, Toward biomimetic
and living earth materials, Matter 6 (12) (2023) 4124-4127, https://doi.org/
10.1016/j.matt.2023.11.003.

Thora Arnardottir, Martyn Dade-Robertson, Meng Zhang, Joshua Loh, Living
manufacture: Principles for a microbial 3D printer, in: Structures and
Architecture. A Viable Urban Perspective?, CRC Press, 2022. ISBN 978-1-00-
302355-5.

Ofer Asaf, Arnon Bentur, Pavel Larianovsky, Aaron Sprecher, From soil to printed
structures: a systematic approach to designing clay-based materials for 3D
printing in construction and architecture, Constr. Build. Mater. 408 (December)
(2023) 133783, https://doi.org/10.1016/j.conbuildmat.2023.133783.

Julie Assuncao, Kunaljit Chadha, Lauren Vasey, Coralie Brumaud,

Guillaume Habert, Can digital fabrication meet low-carbon materials? A closer
look at the environmental impact of 3D printing with earth, in: Application/pdf.
In Proceedings of 19th International Conference on Non-Conventional Materials
and Technologies. Anais...Joao Pessoa(PB) UFPB / IFPB, 2023, ETH Zurich,
2023, https://doi.org/10.3929/ETHZ-B-000640421.

Mohsen Attaran, Additive manufacturing: the most promising technology to alter
the supply chain and logistics, J. Serv. Sci. Manag. 10 (3) (2017) 189-206,
https://doi.org/10.4236/jssm.2017.103017. Scientific Research Publishing.
Shahriar Bakrani Balani, Seyed Hamidreza Ghaffar, Mehdi Chougan, Eujin Pei,
Erdem Sahin, Processes and materials used for direct writing technologies: a
review, Results Eng. 11 (September) (2021) 100257, https://doi.org/10.1016/j.
rineng.2021.100257.

A'F. Bassereau, J.F. Mosse, Material probes into paper waste as a bacterially-
induced and 3D printed foam: Combining biodesign and circular principles, in:
Structures and Architecture A Viable Urban Perspective?, CRC Press, 2022,

pp. 51-58 (ISBN 978-1-00-302355-5.).

Lola Ben-Alon, Farm to building catalyzing the use of natural, net-zero, and
healthier building materials, in: The Routledge Handbook of Embodied Carbon in
the Built Environment, 1st ed., Routledge, 2023 (ISBN 978-1-00-327792-7.).
Lola Ben-Alon, Vivian Loftness, Kent A. Harries, Gwen DiPietro, Erica

Cochran Hameen, Cradle to site life cycle assessment (LCA) of natural vs
conventional building materials: a case study on cob earthen material, Build.
Environ. 160 (August) (2019) 106150, https://doi.org/10.1016/j.
buildenv.2019.05.028.

Ofer Berman, Michael Weizman, Asa Oren, Reem Neri, Haim Parnas,

Nadav Shashar, Ezri Tarazi, Design and application of a novel 3D printing method
for bio-inspired artificial reefs, Ecol. Eng. 188 (March) (2023) 106892, https://
doi.org/10.1016/j.ecoleng.2023.106892.

Svetlana Besklubova, Bing Qing Tan, Ray Y. Zhong, Nikola Spicek, Logistic cost
analysis for 3D printing construction projects using a multi-stage network-based
approach, Autom. Constr. 151 (July) (2023) 104863, https://doi.org/10.1016/j.
autcon.2023.104863.

Abhinav Bhardwaj, Joseph Vasselli, Matt Lucht, Zhijian Pei, Brian Shaw,
Zachary Grasley, Xingjian Wei, Na Zou, 3D printing of biomass-fungi composite

14

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Automation in Construction 167 (2024) 105703

material: a preliminary study, Manuf. Lett. 24 (April) (2020) 96-99, https://doi.
org/10.1016/j.mfglet.2020.04.005.

Zackary Eugene Bryson, Wil V. Srubar, Shiho Kawashima, Lola Ben-Alon,
Towards 3D printed earth- and bio-based insulation materials: A case study on
light straw clay, in: 18th International Conference on Non-Conventional Materials
and Technologies (NOCMAT 2022), 7-23 June 2022 (Session 2B, Part Paper 61),
Zenodo, 2022, https://doi.org/10.5281/zenodo.6611395.

Tatiana Campos, The use of natural materials in additive manufacturing of
buildings components - towards a more sustainable architecture, in:

V. Stojakovic, B. Tepavcevic (Eds.), Towards a New, Configurable Architecture -
Proceedings of the 39th eCAADe Conference - Volume 1, University of Novi Sad,
Novi Sad, Serbia, 8-10 September 2021, CUMINCAD, 2021, pp. 355-364. http
s://papers.cumincad.org/cgi-bin/works/paper/ecaade2021_202.

Tatiana Campos, Paulo J.S. Cruz, Bruno Figueiredo, Exploration of natural
materials in additive manufacturing in architecture: Use of cellulose-based pulps,
in: Structures and Architecture. A Viable Urban Perspective?, CRC Press, 2022.
ISBN 978-1-00-302355-5.

Olga Beatrice Carcassi, Guillaume Habert, Laura Elisabetta Malighetti,
Francesco Pittau, Material diets for climate-neutral construction, Environ. Sci.
Technol. 56 (8) (2022) 5213-5223, https://doi.org/10.1021 /acs.est.1c05895.
American Chemical Society.

Olga Beatrice Carcassi, Yierfan Maierdan, Tashania Akemah, Shiho Kawashima,
Lola Ben-Alon, Maximizing fiber content in 3D-printed earth materials:
printability, mechanical, thermal and environmental assessments, Constr. Build.
Mater. 425 (April) (2024) 135891, https://doi.org/10.1016/j.
conbuildmat.2024.135891.

Kunaljit Chadha, Olga Beatrice Carcassi, Ramos Montilla, Natalia, Ingrid Paoletti,
Programmed growth: A living mycelium and clay composite, in: Immanuel Koh,
Dagmar Reinhardt, Mohammed Makki, Mona Khakhar, Nic Bao (Eds.), HUMAN-
CENTRIC - Proceedings of the 28th CAADRIA Conference, Ahmedabad, 18-24
March 2023, CUMINCAD, 2023, pp. 311-320. https://papers.cumincad.org/cgi
-bin/works/paper/caadria2023_213.

Ruxandra Stefania Chiujdea, Nicholas, Design and 3D printing methodologies for
cellulose-based composite materials, in: L. Werner, D. Koering (Eds.),
Anthropologic: Architecture and Fabrication in the Cognitive Age - Proceedings of
the 38th eCAADe Conference - Volume 1, TU Berlin, Berlin, Germany, 16-18
September 2020, CUMINCAD, 2020, pp. 547-554. https://papers.cumincad.or
g/cgi-bin/works/paper/ecaade2020_348.

Alberto Chiusoli, The First 3D Printed House with Earth | Gaia, 3D Printers |
WASP, 2018. September 29, https://www.3dwasp.com/en/3d-printed-house-
gaia/.

Hyoung-In Choi, Hwang Yi, Biofabrication in architecture: 3D bioprinting of
nature-sourced multi-material powder hydrogels, material testing, and
prototyping, J. Build. Eng. 87 (June) (2024) 109122, https://doi.org/10.1016/j.

jobe.2024.109122.

Yu Ying Clarrisa Choong, Chapter 4 - additive manufacturing for digital
transformation, in: Chandrakant D. Patel, Chun-Hsien Chen (Eds.), Digital
Manufacturing, Elsevier, 2022, pp. 145-182, https://doi.org/10.1016/B978-0-
323-95062-6.00002-4.

Galina Churkina, Alan Organschi, Christopher P.O. Reyer, Andrew Ruff,

Kira Vinke, Zhu Liu, Barbara K. Reck, T.E. Graedel, Hans Joachim Schellnhuber,
Buildings as a global carbon sink, Nat. Sustain. 3 (4) (2020) 269-276, https://doi.
org/10.1038/541893-019-0462-4. Nature Publishing Group.

Claire Im, Hyeonji, AlOthman, Responsive spatial print. Clay 3D printing of
spatial lattices using real-time model recalibration, in: ACADIA // 2018:
Recalibration. On Imprecisionand Infidelity. [Proceedings of the 38th Annual
Conference of the Association for Computer Aided Design in Architecture
(ACADIA) ISBN 978-0-692-17729-7] Mexico City, Mexico 18-20 October, 2018,
CUMINCAD, 2018, pp. 286-293. https://papers.cumincad.org/cgi-bin/works
/paper/acadial8_286.

COBOD, World Leader in 3D Construction Printing, COBOD, 2024. https://cobod.
com/.

Claudia Colmo, Ayres, 3d printed bio-hybrid structures - investigating the
architectural potentials of mycoremediation, in: L. Werner, D. Koering (Eds.),
Anthropologic: Architecture and Fabrication in the Cognitive Age - Proceedings of
the 38th eCAADe Conference - Volume 1, TU Berlin, Berlin, Germany, 16-18
September 2020, CUMINCAD, 2020, pp. 573-582. https://papers.cumincad.or
g/cgi-bin/works/paper/ecaade2020_299.

Assia Crawford, Pichaya In-na, Gary Caldwell, Rachel Armstrong, Ben Bridgens,
Clay 3D Printing as a bio-design research tool: Development of photosynthetic
living building components, Archit. Sci. Rev. 65 (3) (2022) 185-195, https://doi.
org/10.1080/00038628.2022.2058908. Taylor & Francis.

Alexander Curth, Natalie Pearl, Angelica Castro-Salazar, Caitlin Mueller,
Lawrence Sass, 3D printing earth: local, circular material processing, fabrication
methods, and life cycle assessment, Constr. Build. Mater. 421 (March) (2024)
135714, https://doi.org/10.1016/j.conbuildmat.2024.135714.

Rachel Dickey, Soft additive fabrication processes: Material indeterminacy in 3D
printing, in: Ji-Hyun Lee (Ed.), Computer-Aided Architectural Design. “Hello,
Culture,”, Communications in Computer and Information Science, Springer,
Singapore, 2019, pp. 356-371, https://doi.org/10.1007/978-981-13-8410-3_25.
Nancy Diniz, Frank Melendez, Hybrid bio-based architectural systems: Living
organisms and upcycled waste materials for 3D printing and robotic deposition,
in: Immanuel Koh, Dagmar Reinhardt, Mohammed Makki, Mona Khakhar,

Nic Bao (Eds.), HUMAN-CENTRIC - Proceedings of the 28th CAADRIA
Conference, Ahmedabad, 18-24 March 2023, CUMINCAD, 2023, pp. 321-328.
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_257.


https://doi.org/10.1016/j.autcon.2024.105703
https://doi.org/10.1016/j.autcon.2024.105703
https://doi.org/10.52842/conf.ecaade.2022.1.215
https://doi.org/10.52842/conf.ecaade.2022.1.215
https://doi.org/10.1007/978-3-031-33465-8_42
https://doi.org/10.1016/j.jclepro.2020.122463
https://doi.org/10.1016/j.conbuildmat.2022.126574
https://doi.org/10.1016/j.conbuildmat.2022.126574
https://www.archdaily.com/960714/tecla-technology-and-clay-3d-printed-house-mario-cucinella-architects
https://www.archdaily.com/960714/tecla-technology-and-clay-3d-printed-house-mario-cucinella-architects
https://doi.org/10.1016/j.matt.2023.11.003
https://doi.org/10.1016/j.matt.2023.11.003
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0035
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0035
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0035
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0035
https://doi.org/10.1016/j.conbuildmat.2023.133783
https://doi.org/10.3929/ETHZ-B-000640421
https://doi.org/10.4236/jssm.2017.103017
https://doi.org/10.1016/j.rineng.2021.100257
https://doi.org/10.1016/j.rineng.2021.100257
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0060
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0060
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0060
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0060
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0065
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0065
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0065
https://doi.org/10.1016/j.buildenv.2019.05.028
https://doi.org/10.1016/j.buildenv.2019.05.028
https://doi.org/10.1016/j.ecoleng.2023.106892
https://doi.org/10.1016/j.ecoleng.2023.106892
https://doi.org/10.1016/j.autcon.2023.104863
https://doi.org/10.1016/j.autcon.2023.104863
https://doi.org/10.1016/j.mfglet.2020.04.005
https://doi.org/10.1016/j.mfglet.2020.04.005
https://doi.org/10.5281/zenodo.6611395
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2021_202
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2021_202
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0100
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0100
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0100
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0100
https://doi.org/10.1021/acs.est.1c05895
https://doi.org/10.1016/j.conbuildmat.2024.135891
https://doi.org/10.1016/j.conbuildmat.2024.135891
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_213
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_213
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_348
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_348
https://www.3dwasp.com/en/3d-printed-house-gaia/
https://www.3dwasp.com/en/3d-printed-house-gaia/
https://doi.org/10.1016/j.jobe.2024.109122
https://doi.org/10.1016/j.jobe.2024.109122
https://doi.org/10.1016/B978-0-323-95062-6.00002-4
https://doi.org/10.1016/B978-0-323-95062-6.00002-4
https://doi.org/10.1038/s41893-019-0462-4
https://doi.org/10.1038/s41893-019-0462-4
https://papers.cumincad.org/cgi-bin/works/paper/acadia18_286
https://papers.cumincad.org/cgi-bin/works/paper/acadia18_286
https://cobod.com/
https://cobod.com/
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_299
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_299
https://doi.org/10.1080/00038628.2022.2058908
https://doi.org/10.1080/00038628.2022.2058908
https://doi.org/10.1016/j.conbuildmat.2024.135714
https://doi.org/10.1007/978-981-13-8410-3_25
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_257

O.B. Carcassi and L. Ben-Alon

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

C.N. Djangang, A. Elimbi, U.C. Melo, G.L. Lecomte, C. Nkoumbou, J. Soro, J.

P. Bonnet, P. Blanchart, D. Njopwouo, Sintering of clay-chamotte ceramic
composites for refractory bricks, Ceram. Int. 34 (5) (2008) 1207-1213, https://
doi.org/10.1016/j.ceramint.2007.02.012.

Stylianos Dritsas, Javier G. Fernandez, Towards sustainable additive
manufacturing using fungus-like adhesive materials, Mater. Today Proc. 70
(January) (2022) 418-424, https://doi.org/10.1016/j.matpr.2022.09.279. The
International Conference on Additive Manufacturing for a Better World (AMBW
2022).

V. Dubois, A. Leblanc, O. Carpentier, G. Alhaik, E. Wirquin, Performances of flax
Shive-based lightweight composites with rapid hardening, Constr. Build. Mater.
165 (March) (2018) 17-27, https://doi.org/10.1016/j.conbuildmat.2017.12.239.
J. Duro-Royo, J. Van Zak, Y.J. Tai, A.S. Ling, N. Oxman, Parametric chemistry
reverse engineering biomaterial composites for additive manufacturing of bio-
cement structures across scales, in: Fernando Moreira Da Silva, Helena Bartolo,
Paulo Bartolo, Rita Almendra, Filipa Roseta, Henrique Amorim Almeida, Ana
Cristina Lemos (Eds.), Challenges for Technology Innovation: An Agenda for the
Future, 1st ed., CRC Press, 2017, pp. 217-223, https://doi.org/10.1201/
9781315198101-39.

Jorge Duro-Royo, Laia Mogas-Soldevila, Neri Oxman, Flow-based fabrication: an
integrated computational workflow for design and digital additive manufacturing
of multifunctional heterogeneously structured objects, Comput. Aided Des. 69
(December) (2015) 143-154, https://doi.org/10.1016/j.cad.2015.05.005.

DUS, Urban Cabin. https://houseofdus.com/, 2015.

C. Egenti, J.M. Khatib, 13 - sustainability of compressed earth as a construction
material, in: Jamal M. Khatib (Ed.), Sustainability of Construction Materials,
Second editionWoodhead Publishing Series in Civil and Structural Engineering,
Woodhead Publishing, 2016, pp. 309-341, https://doi.org/10.1016/B978-0-08-
100370-1.00013-5.

Deena El-Mahdy, Hisham S. Gabr, Sherif Abdelmohsen, SaltBlock as a 3D printed
sustainable construction material in hot arid climates, J. Build. Eng. 43
(November) (2021) 103134, https://doi.org/10.1016/j.jobe.2021.103134.
Emerging Objects, Mud Frontiers: Part II | Emerging Objects. https://eme
rgingobjects.com/project/mud-frontiers-part-ii/, 2019.

Marcos Esterman, Characterization of the Powder/Binder Interaction in the Three
Dimensional Printing Process, Massachusetts Institute of Technology, Dept. of
Mechanical Engineering, Boston, 1990. https://dspace.mit.edu/handle/1721.1/
13671.

Flora Faleschini, Daniel Trento, Maryam Masoomi, Carlo Pellegrino, Mariano
Angelo Zanini, Sustainable mixes for 3D printing of earth-based constructions,
Constr. Build. Mater. 398 (September) (2023) 132496, https://doi.org/10.1016/
j.conbuildmat.2023.132496.

Mehdi Farahbakhsh, Kalantar, Impact of robotic 3D printing process parameters
on bond strength, in: B. Slocum, V. Ago, S. Doyle, A. Marcus, M. Yablonina,

M. Del Campo (Eds.), ACADIA 2020: Distributed Proximities / Volume I:
Technical Papers [Proceedings of the 40th Annual Conference of the Association
of Computer Aided Design in Architecture (ACADIA) ISBN 978-0-578-95213-0].
Online and Global. 24-30 October 2020, CUMINCAD, 2020, pp. 594-603.
https://papers.cumincad.org/cgi-bin/works/Show?acadia20_594.

Elena Ferretti, Massimo Moretti, Alberto Chiusoli, Lapo Naldoni, Francesco de
Fabritiis, Massimo Visona, Rice-husk shredding as a means of increasing the long-
term mechanical properties of earthen mixtures for 3D printing, Materials 15 (3)
(2022) 743, https://doi.org/10.3390/mal5030743. Multidisciplinary Digital
Publishing Institute.

T. Figueiredo, P.J.S. Campos, B. Cruz, Experimentation of natural materials: The
use of chitin in additive manufacturing, in: Structures and Architecture a Viable
Urban Perspective?, CRC Press, 2022. ISBN 978-1-00-302355-5.

Virginia San Fratello, Ronald Rael, Innovating materials for large scale additive
manufacturing: salt, soil, cement and chardonnay, Cem. Concr. Res. 134 (August)
(2020) 106097, https://doi.org/10.1016/j.cemconres.2020.106097.

T. Friedel, N. Travitzky, F. Niebling, M. Scheffler, P. Greil, Fabrication of polymer
derived ceramic parts by selective laser curing, J. Eur. Ceram. Soc. 25 (2) (2005)
193-197, https://doi.org/10.1016/j.jeurceramsoc.2004.07.017. European
Materials Research Society 2004, Symposium Q: Polymer Derived Ceramics
(PDCs).

Jared Friedman, Heamin Kim, Olga Mesa, Woven clay, in: ACADIA 14: Design
Agency [Projects of the 34th Annual Conference of the Association for Computer
Aided Design in Architecture (ACADIA) ISBN 9789126724478]Los Angeles 23-25
October, 2014, CUMINCAD, 2014, pp. 223-226. https://papers.cumincad.org/cgi
-bin/works/paper/acadial4projects_223.

Garcia de Soto, Isolda Agusti-Juan Borja, Jens Hunhevicz, Samuel Joss,

Konrad Graser, Guillaume Habert, Bryan T. Adey, Productivity of digital
fabrication in construction: cost and time analysis of a robotically built wall,
Autom. Constr. 92 (August) (2018) 297-311, https://doi.org/10.1016/j.
autcon.2018.04.004.

Gil Pérez, Yanan Guo Marta, Jan Knippers, Integrative material and structural
design methods for natural fibres filament-wound composite structures: the
LivMatS pavilion, Mater. Des. 217 (May) (2022) 110624, https://doi.org/
10.1016/j.matdes.2022.110624.

Ana Goidea, Dimitrios Floudas, David Andréen, Jane Burry, Jenny Sabin,

Bob Sheil, Marilena Skavara, Pulp faction: 3d printed material assemblies through
microbial biotransformation, in: Fabricate 2020, Making Resilient Architecture.
UCL Press, 2020, pp. 42-49, https://doi.org/10.2307/j.ctv13xpsvw.10.
Mohamed Gomaa, Jim Carfrae, Steve Goodhew, Wassim Jabi, Alejandro

Veliz Reyes, Thermal performance exploration of 3D printed cob, Archit. Sci. Rev.

15

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Automation in Construction 167 (2024) 105703

62 (3) (2019) 230-237, https://doi.org/10.1080/00038628.2019.1606776.
Taylor & Francis.

Mohamed Gomaa, Wassim Jabi, Veronica Soebarto, Yi Min Xie, Digital
manufacturing for earth construction: a critical review, J. Clean. Prod. 338
(March) (2022) 130630, https://doi.org/10.1016/j.jclepro.2022.130630.
Mohamed Gomaa, Wassim Jabi, Alejandro Veliz Reyes, Veronica Soebarto, 3D
printing system for earth-based construction: case study of cob, Autom. Constr.
124 (April) (2021) 103577, https://doi.org/10.1016/j.autcon.2021.103577.
Mohamed Gomaa, Jaroslav Vaculik, Veronica Soebarto, Michael Griffith,
Wassim Jabi, Feasibility of 3DP cob walls under compression loads in low-rise
construction, Constr. Build. Mater. 301 (September) (2021) 124079, https://doi.
org/10.1016/j.conbuildmat.2021.124079.

Benay Giirsoy, From control to uncertainty in 3D printing with clay, in:

A. Kepczynska-Walczak, S. Bialkowski (Eds.), Computing for a Better Tomorrow -
Proceedings of the 36th eCAADe Conference - Volume 2, Lodz University of
Technology, Lodz, Poland, 19-21 September 2018, 21-30, CUMINCAD, 2018.
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2018_104.

Guillaume Habert, Claudiane Ouellet-Plamondon, Recent update on the
environmental impact of geopolymers, RILEM Techn. Lett. 1 (April) (2016)
17-23, https://doi.org/10.21809/rilemtechlett.2016.6.

Habibelrahman Hassan, Edwin Rodriguez-Ubinas, Adil Al Tamimi, Esra Trepci,
Abraham Mansouri, Khalfan Almehairbi, Towards innovative and sustainable
buildings: a comprehensive review of 3D printing in construction, Autom. Constr.
163 (July) (2024) 105417, https://doi.org/10.1016/j.autcon.2024.105417.
TAAC, Pylos, IAAC, 2015. https://iaac.net/project/pylos/.

ICON, Technology for Humanity’s Future - ICON, Iconbuild, 2024. https://www.
iconbuild.com/.

ISO/ASTM 52900:2021(En), Additive Manufacturing — General Principles —
Fundamentals and Vocabulary. https://www.iso.org/obp/ui/#iso:std:iso-astm:
52900:ed-2:v1:en, 2021.

Julian Jauk, Hana Vasatko, Lukas Gosch, Ingolf Christian, Anita Klaus,

Milena Stavric, Digital fabrication of growth combining digital manufacturing of
clay with natural growth of mycelium, in: A. Globa, J. van Ameijde, A. Fingrut,
N. Kim, T.T.S. Lo (Eds.), PROJECTIONS - Proceedings of the 26th CAADRIA
Conference - Volume 1, The Chinese University of Hong Kong and Online, Hong
Kong, 29 March - 1 April 2021, 753-762, CUMINCAD, 2021, https://doi.org/
10.52842/conf.caadria.2021.1.753.

Yameng Ji, Philippe Poullain, Nordine Leklou, The selection and design of
earthen materials for 3D printing, Constr. Build. Mater. 404 (November) (2023)
133114, https://doi.org/10.1016/j.conbuildmat.2023.133114.

Kamyar Kabirifar, Mohammad Mojtahedi, Cynthia Changxin Wang, Vivian W.
Y. Tam, Effective construction and demolition waste management assessment
through waste management hierarchy; a case of Australian large construction
companies, J. Clean. Prod. 312 (August) (2021) 127790, https://doi.org/
10.1016/j.jclepro.2021.127790.

Marirena Kladeftira, Shammas, Printing whisper dishes. Large-scale binder jetting
for outdoor installations, in: ACADIA // 2018: Recalibration. On Imprecisionand
Infidelity. [Proceedings of the 38th Annual Conference of the Association for
Computer Aided Design in Architecture (ACADIA) ISBN 978-0-692-17729-7]
Mexico City, Mexico 18-20 October, 2018, 328-335, CUMINCAD, 2018. https
://papers.cumincad.org/cgi-bin/works/paper/acadial8_328.

Christoph Klemmt, Large-scale robotic 3D printing of plant fibre and bioplastic
composites, in: B. Pak, G. Wurzer, R. Stouffs (Eds.), Co-Creating the Future:
Inclusion in and through Design - Proceedings of the 40th Conference on
Education and Research in Computer Aided Architectural Design in Europe
(eCAADe 2022) - Volume 1, Ghent, 13-16 September 2022, 9-18, CUMINCAD,
2022. https://papers.cumincad.org/cgi-bin/works/paper/ecaade2022_38.

D.A. Knaack, U. Agha, Additively manufactured paper products from cellulose-
pulped fibers and its quality according to rheology and 3D printing performance,
in: Structures and Architecture. A Viable Urban Perspective?, CRC Press, 2022.
ISBN 978-1-00-302355-5.

Manuel Kretzer, Mostafavi, Robotic fabrication with bioplastic materials - digital
design and robotic production of biodegradable Objects, in: L. Werner, D. Koering
(Eds.), Anthropologic: Architecture and Fabrication in the Cognitive Age -
Proceedings of the 38th eCAADe Conference - Volume 1, TU Berlin, Berlin,
Germany, 16-18 September 2020, 603-612, CUMINCAD, 2020. https://papers.
cumincad.org/cgi-bin/works/paper/ecaade2020_049.

Soukaina Lamnini, Hamada Elsayed, Yazid Lakhdar, Francesco Baino,

Federico Smeacetto, Enrico Bernardo, Robocasting of advanced ceramics: ink
optimization and protocol to predict the printing parameters - a review, Heliyon 8
(9) (2022) e10651, https://doi.org/10.1016/j.heliyon.2022.e10651.

Yue Li, Xinxin Huang, Xu Yantao, Chao Ma, Li Cai, Jieyu Zhang, Jing Luo, et al.,
A bio-inspired multifunctional soy protein-based material: from strong
underwater adhesion to 3D printing, Chem. Eng. J. 430 (February) (2022)
133017, https://doi.org/10.1016/j.cej.2021.133017.

Gitit Linker, Elisheva Gillis, Danny Freedman, Adi Segal, Noa Zermati, Or Naim,
Rebecca Hila Partook, Nof Nathanson, Designed to grow: 3D printing of seeds, in:
Immanuel Koh, Dagmar Reinhardt, Mohammed Makki, Mona Khakhar, Nic Bao
(Eds.), HUMAN-CENTRIC - Proceedings of the 28th CAADRIA Conference,
Ahmedabad, 18-24 March 2023, 211-220, CUMINCAD, 2023. https://papers.
cumincad.org/cgi-bin/works/paper/caadria2023_210.

Alessia Emanuela Losini, Anne-Cecile Grillet, Monika Woloszyn, Liudmila Lavrik,
Chiara Moletti, Giovanni Dotelli, Marco Caruso, Mechanical and microstructural
characterization of rammed earth stabilized with five biopolymers, Materials 15
(9) (2022) 3136, https://doi.org/10.3390/mal5093136.


https://doi.org/10.1016/j.ceramint.2007.02.012
https://doi.org/10.1016/j.ceramint.2007.02.012
https://doi.org/10.1016/j.matpr.2022.09.279
https://doi.org/10.1016/j.conbuildmat.2017.12.239
https://doi.org/10.1201/9781315198101-39
https://doi.org/10.1201/9781315198101-39
https://doi.org/10.1016/j.cad.2015.05.005
https://houseofdus.com/
https://doi.org/10.1016/B978-0-08-100370-1.00013-5
https://doi.org/10.1016/B978-0-08-100370-1.00013-5
https://doi.org/10.1016/j.jobe.2021.103134
https://emergingobjects.com/project/mud-frontiers-part-ii/
https://emergingobjects.com/project/mud-frontiers-part-ii/
https://dspace.mit.edu/handle/1721.1/13671
https://dspace.mit.edu/handle/1721.1/13671
https://doi.org/10.1016/j.conbuildmat.2023.132496
https://doi.org/10.1016/j.conbuildmat.2023.132496
https://papers.cumincad.org/cgi-bin/works/Show?acadia20_594
https://doi.org/10.3390/ma15030743
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0245
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0245
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0245
https://doi.org/10.1016/j.cemconres.2020.106097
https://doi.org/10.1016/j.jeurceramsoc.2004.07.017
https://papers.cumincad.org/cgi-bin/works/paper/acadia14projects_223
https://papers.cumincad.org/cgi-bin/works/paper/acadia14projects_223
https://doi.org/10.1016/j.autcon.2018.04.004
https://doi.org/10.1016/j.autcon.2018.04.004
https://doi.org/10.1016/j.matdes.2022.110624
https://doi.org/10.1016/j.matdes.2022.110624
https://doi.org/10.2307/j.ctv13xpsvw.10
https://doi.org/10.1080/00038628.2019.1606776
https://doi.org/10.1016/j.jclepro.2022.130630
https://doi.org/10.1016/j.autcon.2021.103577
https://doi.org/10.1016/j.conbuildmat.2021.124079
https://doi.org/10.1016/j.conbuildmat.2021.124079
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2018_104
https://doi.org/10.21809/rilemtechlett.2016.6
https://doi.org/10.1016/j.autcon.2024.105417
https://iaac.net/project/pylos/
https://www.iconbuild.com/
https://www.iconbuild.com/
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-2:v1:en
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-2:v1:en
https://doi.org/10.52842/conf.caadria.2021.1.753
https://doi.org/10.52842/conf.caadria.2021.1.753
https://doi.org/10.1016/j.conbuildmat.2023.133114
https://doi.org/10.1016/j.jclepro.2021.127790
https://doi.org/10.1016/j.jclepro.2021.127790
https://papers.cumincad.org/cgi-bin/works/paper/acadia18_328
https://papers.cumincad.org/cgi-bin/works/paper/acadia18_328
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2022_38
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0355
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0355
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0355
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0355
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_049
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_049
https://doi.org/10.1016/j.heliyon.2022.e10651
https://doi.org/10.1016/j.cej.2021.133017
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_210
https://papers.cumincad.org/cgi-bin/works/paper/caadria2023_210
https://doi.org/10.3390/ma15093136

O.B. Carcassi and L. Ben-Alon

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Yierfan Maierdan, Samuel J. Armistead, Rebecca A. Mikofsky, Qigi Huang,

Lola Ben-Alon, Wil V. Srubar, Shiho Kawashima, Rheology and 3D printing of
alginate bio-stabilized earth concrete, Cem. Concr. Res. 175 (January) (2024)
107380, https://doi.org/10.1016/j.cemconres.2023.107380.

Tarun Mateti, L. Shikha Jain, Ananda Shruthi, Anindita Laha, Goutam Thakur,
Chapter 1 - an overview of the advances in the 3D printing technology, in:
Jitendra Kumar Pandey, Suvendu Manna, Ravi Kumar Patel, Ma Qian (Eds.), 3D
Printing Technology for Water Treatment Applications, Additive Manufacturing
Materials and Technologies. Elsevier, 2023, pp. 1-37, https://doi.org/10.1016/
B978-0-323-99861-1.00002-3.

Johannes Maurath, Norbert Willenbacher, 3D printing of open-porous cellular
ceramics with high specific strength, J. Eur. Ceram. Soc. 37 (15) (2017)
4833-4842, https://doi.org/10.1016/j.jeurceramsoc.2017.06.001.

Michele Mauri, Tommaso Elli, Giorgio Caviglia, Giorgio Uboldi, Matteo Azzi,
RAWGraphs: A visualisation platform to create open outputs, in: Proceedings of
the 12th Biannual Conference on Italian SIGCHI Chapter, 1-5. CHItaly ‘17,
Association for Computing Machinery, New York, NY, USA, 2017, https://doi.
org/10.1145/3125571.3125585.

Sabbie A. Miller, Guillaume Habert, Rupert J. Myers, John T. Harvey, Achieving
net zero greenhouse gas emissions in the cement industry via value chain
mitigation strategies, One Earth 4 (10) (2021) 1398-1411, https://doi.org/
10.1016/j.oneear.2021.09.011.

Gernot Minke, Building with earth: Design and technology of a sustainable
architecture, in: Building with Earth, Birkhduser, 2012, https://doi.org/10.1515/
9783034608725.

Daniela Mitterberger, Tiziano Derme, Soil 3D printing, in: ACADIA 19:UBIQUITY
AND AUTONOMY [Proceedings of the 39th Annual Conference of the Association
for Computer Aided Design in Architecture (ACADIA) ISBN 978-0-578-59179-7]
(The University of Texas at Austin School of Architecture, Austin, Texas 21-26
October, 2019) 586-595, CUMINCAD, 2019. https://papers.cumincad.org/cgi-bi
n/works/paper/acadial9_586.

Behzad Modanloo, Ali Ghazvinian, Mohammadreza Matini, Elham Andaroodi,
Tilted arch; implementation of additive manufacturing and bio-welding of
mycelium-based composites, Biomimetics 6 (4) (2021) 68, https://doi.org/
10.3390/biomimetics6040068. Multidisciplinary Digital Publishing Institute.
David Moher, Alessandro Liberati, Jennifer Tetzlaff, Douglas G. Altman, The
PRISMA Group, Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement, PLoS Med. (2009), https://doi.org/10.1371/
journal.pmed.1000097, 6 edition.

Michael Molitch-Hou, 1 - Overview of additive manufacturing process, in:

Jing Zhang, Yeon-Gil Jung (Eds.), Additive Manufacturing, Butterworth-
Heinemann, 2018, pp. 1-38, https://doi.org/10.1016/B978-0-12-812155-
9.00001-3.

Roberto Naboni, Nebojsa Jakica, 17 - Additive manufacturing in skin systems:
Trends and future perspectives, in: Eugenia Gasparri, Arianna Brambilla,
Gabriele Lobaccaro, Francesco Goia, Annalisa Andaloro, Alberto Sangiorgio
(Eds.), Rethinking Building Skins, Woodhead Publishing Series in Civil and
Structural Engineering. Woodhead Publishing, 2022, pp. 425-451, https://doi.
org/10.1016/B978-0-12-822477-9.00004-8.

National Centre of Competence in Research (NCCR) Digital Fabrication, DFAB
HOUSE. https://dfabhouse.ch/dfab-house/, 2016.

Neri Oxman, Jared Laucks, Marcus Kayser, Jorge Duro-Royo, Carlos

Gonzales Uribe, Silk pavillion: A case study in fiber-based digital fabrication, in:
Fabricate 2014, Negotiating Design & Making. UCL Press, 2014, pp. 248-325,
https://doi.org/10.2307/j.ctt1tp3c5w.34.

Soyeon Park, Kaiyue Deng, Fu. Kun Kelvin, Chapter 10 - additive manufacturing
including laser-based manufacturing, in: R. Ganesh Narayanan, Jay S. Gunasekera
(Eds.), Sustainable Manufacturing Processes, Academic Press, 2023, pp. 285-311,
https://doi.org/10.1016/B978-0-323-99990-8.00010-2.

A. Perrot, D. Rangeard, E. Courteille, 3D printing of earth-based materials:
processing aspects, Constr. Build. Mater. 172 (May) (2018) 670-676, https://doi.
org/10.1016/j.conbuildmat.2018.04.017.

Francesco Pittau, Felix Krause, Gabriele Lumia, Guillaume Habert, Fast-growing
bio-based materials as an opportunity for storing carbon in exterior walls, Build.
Environ. 129 (February) (2018) 117-129, https://doi.org/10.1016/j.
buildenv.2017.12.006.

Anton du Plessis, Adewumi John Babafemi, Suvash Chandra Paul,

Biranchi Panda, Jonathan Phuong Tran, Chris Broeckhoven, Biomimicry for 3D
concrete printing: a review and perspective, Addit. Manuf. 38 (February) (2021)
101823, https://doi.org/10.1016/j.addma.2020.101823.

Francesco Pomponi, Jim Hart, Jay H. Arehart, Bernardino D’Amico, Buildings as
a global carbon sink? A reality check on feasibility limits, One Earth 3 (2) (2020)
157-161, https://doi.org/10.1016/j.oneear.2020.07.018.

T. Prasanna Vengatesh, Effect of cashew nut shell liquid on the miscibility of
tapioca starch in acrylonitrile butadiene styrene, Mater. Today Proc. 82 (January)
(2023) 404-410, https://doi.org/10.1016/j.matpr.2023.03.318. International
Conference on Future Trends in Materials and Mechanical Engineering
(ICFTMME 2022).

Quinn M. Pullen, Todd V. Scholz, Index and engineering properties of Oregon
cob, J. Green Build. 6 (2) (2011) 88-106, https://doi.org/10.3992/jgb.6.2.88.
Ramsgaard Thomsen, Mette, Silica - a circular material paradigm by 3D printing
recycled glass, in: L. Werner, D. Koering (Eds.), Anthropologic: Architecture and
Fabrication in the Cognitive Age - Proceedings of the 38th eCAADe Conference -
Volume 2, TU Berlin, Berlin, Germany, 16-18 September 2020, 613-622,
CUMINCAD, 2020. https://papers.cumincad.org/cgi-bin/works/paper/ecaad
e2020_128.

16

[98]

[991

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Automation in Construction 167 (2024) 105703

Arianna Rech, Ruxandra Chiujdea, Claudia Colmo, Gabriella Rossi, Paul Nicholas,
Martin Tamke, Mette Ramsgaard Thomsen, Anders E. Daugaard, Waste-based
biopolymer slurry for 3D printing targeting construction elements, Mater. Today
Commun. 33 (December) (2022) 104963, https://doi.org/10.1016/j.
mtcomm.2022.104963.

Gabriella Rossi, Chiujdea, A material monitoring framework, in: B. Bogosian,

K. Dorfler, B. Farahi, J. Garcia Del Castillo, J. Grant Lopez, V. Noel, S. Parascho,
J. Scott (Eds.), ACADIA 2021: Realignments: Toward Critical Computation
[Proceedings of the 41st Annual Conference of the Association of Computer Aided
Design in Architecture (ACADIA) ISBN 979-8-986-08056-7]. Online and Global.
3-6 November 2021, CUMINCAD, 2021, pp. 308-317. https://papers.cumincad.
org/cgi-bin/works/Show?acadia21_308.

Stefanie Riickrich, Galit Agranati, Yasha Jacob Grobman, Earth-based additive
manufacturing: a field-oriented methodology for evaluating material printability,
Archit. Sci. Rev. 66 (2) (2023) 133-143, https://doi.org/10.1080/
00038628.2022.2154739. Taylor & Francis.

Grace Schleck, Lola Ben-Alon, Eco-ableism and access circularity in natural
building, Front. Architect. Res. (2024), https://doi.org/10.1016/j.
foar.2023.11.005. January.

Leon Sealey-Huggins, The climate crisis is a racist crisis: Structural racism,
inequality and climate change, in: Azeezat Johnson, Remi Joseph-Salisbury,
Beth Kamunge (Eds.), The Fire Now: Anti-Racist Scholarship in Times of Explicit
Racial Violence, 1st ed., Zed Books Ltd., 2018 https://doi.org/10.5040/
9781350225480.

Maryam Shafiei, Fred Fialho Teixeira, Guanqi Zhu, Structural performance of bio-
clay cobot printed blocks, in: Immanuel Koh, Dagmar Reinhardt, Mohammed
Makki, Mona Khakhar, Nic Bao (Eds.), HUMAN-CENTRIC - Proceedings of the
28th CAADRIA Conference, Ahmedabad, 18-24 March 2023, 129-138, 129-38.
Ahmedabad, 2023, https://doi.org/10.52842/conf.caadria.2023.2.129.

Guido Silva, Robert Nafez, Diana Zavaleta, Valeria Burgos, Suyeon Kim,

Gaby Ruiz, Miguel A. Pando, Rafael Aguilar, Javier Nakamatsu, Eco-friendly
additive construction: analysis of the printability of earthen-based matrices
stabilized with potato starch gel and sisal fibers, Constr. Build. Mater. 347
(September) (2022) 128556, https://doi.org/10.1016/j.
conbuildmat.2022.128556.

Eugene Soh, Zhi Yong Chew, Nazanin Saeidi, Alireza Javadian, Dirk Hebel,
Hortense Le Ferrand, Development of an extrudable paste to build mycelium-
bound composites, Mater. Des. 195 (October) (2020) 109058, https://doi.org/
10.1016/j.matdes.2020.109058.

Rui Song, Wu Mingyang, Yao Wang, Jianjun Liu, Chunhe Yang, In-situ X-CT
scanning and numerical modeling on the mechanical behavior of the 3D printing
rock, Powder Technol. 416 (February) (2023) 118240, https://doi.org/10.1016/
j-powtec.2023.118240.

S. Suryakumar, M.A. Somashekara, Manufacturing of functionally gradient
materials by using weld-deposition, in: Hidetoshi Fujii (Ed.), Proceedings of the
1st International Joint Symposium on Joining and Welding, Woodhead
Publishing, 2013, pp. 505-508, https://doi.org/10.1533/978-1-78242-164-
1.505.

Joao Teixeira, Cecilia Ogliari Schaefer, Barbara Rangel, Lino Maia, Jorge

Lino Alves, A road map to find in 3D printing a new design plasticity for
construction — the state of art, Front. Architect. Res. 12 (2) (2023) 337-360,
https://doi.org/10.1016/j.foar.2022.10.001.

Pablo Vicente Torres-Carrion, Carina Soledad Gonzalez-Gonzélez, Silvana Aciar,
Germania Rodriguez-Morales, Methodology for systematic literature review
applied to engineering and education, in: 2018 IEEE Global Engineering
Education Conference (EDUCON), 2018, pp. 1364-1373, https://doi.org/
10.1109/EDUCON.2018.8363388.

United Nations Environment Programme, 2022 Global Status Report for Buildings
and Construction, Nairobi, https://www.unep.org/resources/publication/2022
-global-status-report-buildings-and-construction, 2022.

Veliz Reyes, Alejandro, Computing craft - early stage development of a
robotically-supported 3D printing system for cob structures, in: A. Kepczynska-
Walczak, S. Bialkowski (Eds.), Computing for a Better Tomorrow - Proceedings of
the 36th eCAADe Conference - Volume 1, Lodz University of Technology, Lodz,
Poland, 19-21 September 2018, 791-800, CUMINCAD, 2018. https://papers.
cumincad.org/cgi-bin/works/paper/ecaade2018_221.

S. Young, E. Pain, P. Choo, N. Bartov, J., How to dress a column: An architect’s
method for designing with 3D printed clay, in: Structures and Architecture. A
Viable Urban Perspective?, CRC Press, 2022. ISBN 978-1-00-302355-5.

Zhi Zhang, Lei Zhang, Bo Song, Yonggang Yao, Yusheng Shi, Bamboo-inspired,
simulation-guided design and 3D printing of light-weight and high-strength
mechanical metamaterials, Appl. Mater. Today 26 (March) (2022) 101268,
https://doi.org/10.1016/j.apmt.2021.101268.

Shuyuan Zheng, Self-cleaning surface architectures from chitin biomaterials -
computational and experimental methodology, in: B. Pak, G. Wurzer, R. Stouffs
(Eds.), Co-Creating the Future: Inclusion in and through Design - Proceedings of
the 40th Conference on Education and Research in Computer Aided Architectural
Design in Europe (eCAADe 2022) - Volume 1, Ghent, 13-16 September 2022,
91-100, CUMINCAD, 2022. https://papers.cumincad.org/cgi-bin/works/paper
/ecaade2022_385.

Veronica Simoes de Borba, Victéria Marques Gropelli, Cinthia Ortiz Silveira,
Janaina Barreto Alves, Eliana Badiale-Furlong, Anelise Christ Ribeiro, Chapter 3 -
Starch as a promising replacement for synthetic polymers, in: M.S Sreekala,
Lakshmipriya Ravindran, Koichi Goda, Sabu Thomas (Eds.), Handbook of Natural
Polymers 1, Elsevier, 2023, pp. 61-76. ISBN 9780323998536, https://doi.org/10
.1016/B978-0-323-99853-6.00001-2.


https://doi.org/10.1016/j.cemconres.2023.107380
https://doi.org/10.1016/B978-0-323-99861-1.00002-3
https://doi.org/10.1016/B978-0-323-99861-1.00002-3
https://doi.org/10.1016/j.jeurceramsoc.2017.06.001
https://doi.org/10.1145/3125571.3125585
https://doi.org/10.1145/3125571.3125585
https://doi.org/10.1016/j.oneear.2021.09.011
https://doi.org/10.1016/j.oneear.2021.09.011
https://doi.org/10.1515/9783034608725
https://doi.org/10.1515/9783034608725
https://papers.cumincad.org/cgi-bin/works/paper/acadia19_586
https://papers.cumincad.org/cgi-bin/works/paper/acadia19_586
https://doi.org/10.3390/biomimetics6040068
https://doi.org/10.3390/biomimetics6040068
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1016/B978-0-12-812155-9.00001-3
https://doi.org/10.1016/B978-0-12-812155-9.00001-3
https://doi.org/10.1016/B978-0-12-822477-9.00004-8
https://doi.org/10.1016/B978-0-12-822477-9.00004-8
https://dfabhouse.ch/dfab-house/
https://doi.org/10.2307/j.ctt1tp3c5w.34
https://doi.org/10.1016/B978-0-323-99990-8.00010-2
https://doi.org/10.1016/j.conbuildmat.2018.04.017
https://doi.org/10.1016/j.conbuildmat.2018.04.017
https://doi.org/10.1016/j.buildenv.2017.12.006
https://doi.org/10.1016/j.buildenv.2017.12.006
https://doi.org/10.1016/j.addma.2020.101823
https://doi.org/10.1016/j.oneear.2020.07.018
https://doi.org/10.1016/j.matpr.2023.03.318
https://doi.org/10.3992/jgb.6.2.88
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_128
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2020_128
https://doi.org/10.1016/j.mtcomm.2022.104963
https://doi.org/10.1016/j.mtcomm.2022.104963
https://papers.cumincad.org/cgi-bin/works/Show?acadia21_308
https://papers.cumincad.org/cgi-bin/works/Show?acadia21_308
https://doi.org/10.1080/00038628.2022.2154739
https://doi.org/10.1080/00038628.2022.2154739
https://doi.org/10.1016/j.foar.2023.11.005
https://doi.org/10.1016/j.foar.2023.11.005
https://doi.org/10.5040/9781350225480
https://doi.org/10.5040/9781350225480
https://doi.org/10.52842/conf.caadria.2023.2.129
https://doi.org/10.1016/j.conbuildmat.2022.128556
https://doi.org/10.1016/j.conbuildmat.2022.128556
https://doi.org/10.1016/j.matdes.2020.109058
https://doi.org/10.1016/j.matdes.2020.109058
https://doi.org/10.1016/j.powtec.2023.118240
https://doi.org/10.1016/j.powtec.2023.118240
https://doi.org/10.1533/978-1-78242-164-1.505
https://doi.org/10.1533/978-1-78242-164-1.505
https://doi.org/10.1016/j.foar.2022.10.001
https://doi.org/10.1109/EDUCON.2018.8363388
https://doi.org/10.1109/EDUCON.2018.8363388
https://www.unep.org/resources/publication/2022-global-status-report-buildings-and-construction
https://www.unep.org/resources/publication/2022-global-status-report-buildings-and-construction
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2018_221
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2018_221
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0560
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0560
http://refhub.elsevier.com/S0926-5805(24)00439-4/rf0560
https://doi.org/10.1016/j.apmt.2021.101268
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2022_385
https://papers.cumincad.org/cgi-bin/works/paper/ecaade2022_385
https://doi.org/10.1016/B978-0-323-99853-6.00001-2
https://doi.org/10.1016/B978-0-323-99853-6.00001-2

O.B. Carcassi and L. Ben-Alon

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Peters Sascha, Drewes. Diana. Materials in Progress: Innovations for Designers
and Architects, Walter de Gruyter GmbH, Basel/Berlin/Boston, GERMANY, 2019.
David A. Gregory, Lakshmi Tripathi, Annabelle T.R. Fricker, Emmanuel Asare,
Isabel Orlando, Vijayendran Raghavendran, Ipsita Roy, Bacterial cellulose: A
smart biomaterial with diverse applications, Materials Science and Engineering:
R: Reports 145 (2021) 100623, https://doi.org/10.1016/j.mser.2021.10062.3.
Khalid Mahmood Zia, Nadia Akram, Shazia Tabasum, Aqdas Noreen, Muhammad
Usman Akbar, Advanced strategies and challenges in the processing of bio-based
polymers, in: Khalid Mahmood Zia, Nadia Akram, Shazia Tabasum, Aqdas
Noreen, Muhammad Usman Akbar (Eds.), Processing Technology for Bio-Based
Polymers, 8th, Elsevier, 2021, pp. 255-266. ISBN 9780323857727, https://doi.
0rg/10.1016/B978-0-323-85772-7.00008-2.

Rui Xiong, Anise M. Grant, Ruilong Ma, Shuaidi Zhang, Vladimir V. Tsukruk,
Naturally-derived biopolymer nanocomposites: Interfacial design, properties and
emerging applications, Materials Science and Engineering: R: Reports 125 (2018)
1-41, https://doi.org/10.1016/j.mser.2018.01.002.

Yipeng Chen, Baokang Dang, Chao Wang, Yuanyuan Wang, Yushan Yang,

Ming Liu, Hongjie Bi, Dan Sun, Yingying Li, Jian Li, Xiaoping Shen, Qingfeng Sun,
Intelligent designs from nature: Biomimetic applications in wood technology,
Progress in Materials Science 139 (2023) 101164, https://doi.org/10.1016/j.
pmatsci.2023.101164.

Muhammad Hamza Nazir, Ali H. Al-Marzouqi, Waleed Ahmed, Essam Zaneldin,
The potential of adopting natural fibers reinforcements for fused deposition
modeling: Characterization and implications, Heliyon 9 (4) (2023) 15023,
https://doi.org/10.1016/j.heliyon.2023.e15023.

S. Pessoa, A.S. Guimaraes, S.S. Lucas, N. Simoes, 3D printing in the construction
industry - A systematic review of the thermal performance in buildings,
Renewable and Sustainable Energy Reviews 141, (2021) 110794, https://doi.org/
10.1016/j.rser.2021.110794.

Amber Batwara, Harsh Mundra, Apoorva Daga, Vikram Sharma, Makkar Mohit.
Green 3D Printing: Advancement to Sustainable Manufacturing.” In Advanced
Manufacturing Processes, CRC Press, 2022.

17

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Automation in Construction 167 (2024) 105703

Mette Ramsgaard Thomsen, Tamke Martin, Towards a Transformational Eco-
Metabolistic Bio-Based Design Framework in Architecture, Bioinspiration &
Biomimetics 17 (2022) 045005, https://doi.org/10.1088/1748-3190/ac62¢e2.
Natasha Chayaamor-Heil, Valentina Perricone, Petra Gruber, Francois Guéna,
Bioinspired, Biobased and Living Material Designs: A Review of Recent Research
in Architecture and Construction, Bioinspiration & Biomimetics 18 (4) (2023)
041001, https://doi.org/10.1088/1748-3190/acd82e.

Selina Bitting, Tiziano Derme, Juney Lee, Tom Van Mele, Benjamin Dillenburger,
Block Philippe, Challenges and Opportunities in Scaling up Architectural
Applications of Mycelium-Based Materials with Digital Fabrication, Biomimetics
7 (2) (2022) 44, https://doi.org/10.3390/biomimetics7020044.

Magda Titirici, Sterling G. Baird, Taylor D. Sparks, Shirley Min Yang,
Agnieszka Brandt-Talbot, Omid Hosseinaei, David P. Harper, et al., The
Sustainable Materials Roadmap, Journal of Physics: Materials 5 (3) (2022)
032001, https://doi.org/10.1088/2515-7639/ac4ee5.

Matthias Leschok, Ina Cheibas, Valeria Piccioni, Bharath Seshadri, Arno Schliiter,
Fabio Gramazio, Matthias Kohler, Benjamin Dillenburger, 3D printing facades:
Design, fabrication, and assessment methods, Automation in Construction 152
(2023) 104918, https://doi.org/10.1016/j.autcon.2023.104918.

Eden Binega Yemesegen, Ali M. Memari, A review of experimental studies on Cob,
Hempcrete, and bamboo components and the call for transition towards
sustainable home building with 3D printing, Construction and Building Materials
399 (2023) 132603, https://doi.org/10.1016/j.conbuildmat.2023.132603.

A.E. Losini, A.C. Grillet, M. Bellotto, M. Woloszyn, G. Dotelli, Natural additives
and biopolymers for raw earth construction stabilization — a review, Construction
and Building Materials 304 (2021) 124507, https://doi.org/10.1016/j.
conbuildmat.2021.124507.

Simone Amato Cameli, 3D Printing of Cities: Is Urban Planning Ready? Planning
Theory & Practice 20 (5) (2019) 776-784, https://doi.org/10.1080/
14649357.2019.1660075.


http://refhub.elsevier.com/S0926-5805(24)00439-4/opticg8GKtVjb
http://refhub.elsevier.com/S0926-5805(24)00439-4/opticg8GKtVjb
https://doi.org/10.1016/j.mser.2021.100623
https://doi.org/10.1016/B978-0-323-85772-7.00008-2
https://doi.org/10.1016/B978-0-323-85772-7.00008-2
https://doi.org/10.1016/j.mser.2018.01.002
https://doi.org/10.1016/j.pmatsci.2023.101164
https://doi.org/10.1016/j.pmatsci.2023.101164
https://doi.org/10.1016/j.heliyon.2023.e15023
https://doi.org/10.1016/j.rser.2021.110794
https://doi.org/10.1016/j.rser.2021.110794
http://refhub.elsevier.com/S0926-5805(24)00439-4/optR4anxWtf5s
http://refhub.elsevier.com/S0926-5805(24)00439-4/optR4anxWtf5s
http://refhub.elsevier.com/S0926-5805(24)00439-4/optR4anxWtf5s
https://doi.org/10.1088/1748-3190/ac62e2
https://doi.org/10.1088/1748-3190/acd82e
https://doi.org/10.3390/biomimetics7020044
https://doi.org/10.1088/2515-7639/ac4ee5
https://doi.org/10.1016/j.autcon.2023.104918
https://doi.org/10.1016/j.conbuildmat.2023.132603
https://doi.org/10.1016/j.conbuildmat.2021.124507
https://doi.org/10.1016/j.conbuildmat.2021.124507
https://doi.org/10.1080/14649357.2019.1660075
https://doi.org/10.1080/14649357.2019.1660075

	Additive manufacturing of natural materials
	1 Introduction
	2 Research objective, scope, and methodology
	3 Results
	3.1 General observations
	3.2 Additive manufacturing techniques for natural materials
	3.3 Mix designs of natural materials for printability
	3.3.1 Mineral-based material family
	3.3.2 Bio-based family
	3.3.3 Living-based family
	3.3.4 Additional additives

	3.4 Properties of 3D printed natural materials

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


