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Abstract: Three-dimensional printing technology is transforming the construction industry,
which is increasingly turning to advanced materials and techniques to meet environmental
and economic challenges. This comprehensive literature review evaluated various binder
materials, including cement, geopolymers, earthen materials, supplementary cementitious
materials, polymers, and biopolymers, with a focus on their environmental impacts and
rheological properties. The study revealed an increasing interest in cementitious binders,
which deliver essential structural strength and exhibit a wide range of yield stress values
(15 to 6500 Pa), influenced by binder type and supplementary materials such as nanoclay.
However, the significant CO2 emissions associated with cement pose major sustainability
challenges. As a sustainable alternative, geopolymers demonstrate lower yield stress values
(800 to 3000 Pa) while ensuring adequate buildability for vertical printing and reducing
environmental impact. These findings underscore the need to adopt sustainable binder
matrices to align 3D printing construction practices with global sustainability goals.

Keywords: 3D printing concrete; cementitious materials; earth-based binder; geopolymer;
concrete; sustainability

1. Introduction
One of the most consumed commercial materials globally is concrete, derived from

the combination of aggregate, water, cement, and some additives in precise quantities [1,2].
To address the challenges and demands related to the carbon footprint and economic
pressures of the construction industry, practitioners and researchers have concentrated
on developing innovative materials and new production techniques. Three-dimensional
(3D) Printing Construction (3DPC) is an innovative construction process based on additive
manufacturing (AM) technology. This method, which is promising in recent developments,
has attracted worldwide interest. During the last decade, 3DPC technologies have emerged
as transformative technologies, offering fast and cost-effective production of complex
geometries in the structural design process and significant advances in the transition to
automation in the construction industry [3–5].

Although the construction industry is still at the beginning of automation and digitali-
sation steps within the scope of Industry 4.0, which aims to digitalise various sectors, it is
actively pursuing advancements through ongoing research endeavours to align itself with
this industrial transformation [6]. AM, introduced with the development of Industry 4.0, is
one of the newest technological forms in the construction sector [7]. To enable physical-
to-digital transformations, this technology combines sensors and controllers, cognitive
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and high-performance computing, augmented reality, additive manufacturing, advanced
materials, autonomous robotics, digital design, and simulation systems [8]. The AM sector
continues to evolve with new techniques, materials, and 3D printers. Three-dimensional
printing technology is advancing toward the capabilities of creating 4D printed structures
by responding to external influences like temperature, light, moisture, or stimuli [9,10]. The
transformative effect of 3D printing on construction must be balanced, effectively minimiz-
ing key project determinants, such as construction time, material usage, budget, and overall
project duration [11]. First pioneered by Charles (Chuck) Hull in 1984, this technology uses
numerical data to produce three-dimensional objects [12]. The 3DPC technology reduces
material consumption [13], introduces lightweight properties to products [14], and allows
the creation of multifunctional components [15].

Despite its potential, 3DPC technology faces challenges such as insufficient stiffness
and strength of printed materials [16], cold joints from layering [17], limited design size due
to printer chamber volume [18], and the need for support during printing for stability [19].
Additional issues include complex mix design [20], rough surface appearance [21], and high
printer costs [22]. Three-dimensional printing in construction necessitates collaboration
between materials science, computing, and computer-aided design experts [23]. While
these challenges are broadly categorised as material, printer, software, computational,
architectural and design, construction management, regulatory, and stakeholder issues,
material printability, constructability, and open time are the most frequently cited concerns
in the literature. Selecting appropriate binders is critical [24] due to the complexities of
producing 3D printable mixes that meet these criteria.

This study systematically evaluates binder materials used in 3D printing construction,
emphasizing their unique rheological characteristics, advantages, limitations, and sustain-
ability. The literature review was conducted using the Scopus database, chosen for its
extensive coverage in engineering and technology, ensuring access to publications aligned
with the study’s objectives. A precise keyword strategy was employed, including terms
like “3D printing”, “geopolymers”, and “sustainable binders”, while excluding unrelated
terms such as “ceramics”. Boolean operators and inclusion/exclusion criteria were refined
in the search results. Publications from 2010–2024 were reviewed to capture the accelerated
advancements in 3D printing construction during this period. Cement, earth, geopolymer,
and biopolymer-based binders were comprehensively evaluated for their rheological prop-
erties, mechanical performance, and environmental impacts. The filtered publications were
categorized into thematic areas such as material properties, rheology, and sustainability,
enabling an in-depth analysis and synthesis of critical insights. By consolidating current
research and identifying knowledge gaps, this review aims to guide the development of
more efficient and sustainable practices in 3D printing for construction.

2. Review Methodology
The literature review, focusing on titles, abstracts, and keywords, was conducted

using the Scopus database due to its extensive coverage in engineering and technol-
ogy, providing access to critical publications aligned with the research objectives. The
selected keywords were “3D printing”, “3D-printed”, “additive manufacturing”, “con-
crete”, “cement”, “geopolymer”, “earth”, “lime”, “supplementary cementitious materials”,
and “SCMs” to accurately achieve the intended review focus. Moreover, the terms “ce-
ramic” and “bioceramic” were excluded, and Boolean operators were used, as detailed in
Table 1, to obtain a comprehensive view of the research. The review focused on publica-
tions written in English between 2010 and 2024, a period when technology has experienced
accelerated development.
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Table 1. Literature review terminologies.

3D Printable Bases Search Expression

Cementitious 3D printing OR 3D-printed OR Additive manufacturing AND (concrete OR cement) AND
NOT ceramic AND NOT bioceramic

Sustainable 3D printing OR 3D-printed OR Additive manufacturing AND (geopolymer OR earth OR
lime) AND NOT ceramic AND NOT bioceramic

Sustainable
cementitious

3D printing OR 3D-printed OR Additive manufacturing AND (concrete OR cement) AND
supplementary cementitious materials OR SCMs OR fly ash OR slag OR silica fume OR
rice husk AND NOT ceramic AND NOT bioceramic

One of the two publishers contributing significantly to 3D printing research is MDPI,
where this study is also presented. With around 2400 papers published in the last three
years, it represents 25% of the output from the top ten sources, which include both
journals and conference proceedings (see Figure 1a). The search for 3DPC yielded a
total of 5099 unique publications after removing duplicates from overlapping keyword
searches. Of these, 60.7% were focused on engineering and materials science subject areas
(see Figure 1b). Most publications focused on cementitious mixtures, comprising 69.0%
of the total (see Figure 1c). The distribution of publications by year (Figure 1d) clearly
shows the growing interest in cementitious mixtures. However, despite the importance of
sustainable cementitious mixtures, interest is developing routinely, and it is clear that if
current trends continue, sustainability will be neglected.
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According to Figure 2a, which ranks countries by the number of publications on 3D
printing and 3DPC, China, Germany, Australia, France, Russia, Singapore, the Netherlands,
Switzerland, and Belgium focus more on using 3D printing in construction than in other
fields. The top five countries with the most publications on 3DPC are China, the United
States, Germany, Australia, and the United Kingdom. Figure 2b also shows the distribution
of publication numbers using a colour scale on the world map.

Buildings 2025, 15, x FOR PEER REVIEW 4 of 45 
 

Figure 1. (a) Distribution of publications on 3D printing among journals, (b) publication distribution 
by field, (c) publication distribution in 3DPC field considering base material, (d) growing publica-
tion interest depending on base material in 3DPC field over the years. 

According to Figure 2a, which ranks countries by the number of publications on 3D 
printing and 3DPC, China, Germany, Australia, France, Russia, Singapore, the Nether-
lands, Switzerland, and Belgium focus more on using 3D printing in construction than in 
other fields. The top five countries with the most publications on 3DPC are China, the 
United States, Germany, Australia, and the United Kingdom. Figure 2b also shows the 
distribution of publication numbers using a colour scale on the world map. 

 
Figure 2. (a) Publication numbers of countries on 3DP and 3DPC, (b) publication distribution of 
countries on the world map (3DPC). 

3. Enhancing the Benefits of 3D Printing in Construction 
Digital concrete production is an up-and-coming research field, enabling the con-

struction of complex architectures with freedom from formwork, accelerated construction 

Figure 2. (a) Publication numbers of countries on 3DP and 3DPC, (b) publication distribution of
countries on the world map (3DPC).



Buildings 2025, 15, 75 5 of 50

3. Enhancing the Benefits of 3D Printing in Construction
Digital concrete production is an up-and-coming research field, enabling the con-

struction of complex architectures with freedom from formwork, accelerated construction
with increased automation, and cost-effective production with productivity [25]. Three-
dimensional printing in construction offers substantial economic and environmental advan-
tages over traditional methods by eliminating mold and labor costs, reducing construction
time by up to 95%, lowering CO2 emissions by approximately 32%, and minimizing waste
generation [26–31]. However, high initial investment, maintenance, and operational costs,
scalability challenges, and the energy consumption of 3D printers (especially large-scale
models), along with complex mixture properties requiring expensive chemical additives,
limited suitable materials, and predominantly higher binder content, can potentially in-
crease both costs and environmental harm [26,30,32].

The construction industry’s sustainable development goals include building robust
structures, fostering inclusive and sustainable urban environments, and enhancing resource
efficiency. To improve the sustainability of concrete, it is essential to reduce cement content
and water usage, preserve natural aggregate resources, and, thus, reduce CO2 emissions
while improving mechanical and durability performance. Three-dimensional printing
concrete technology offers opportunities to realize these goals [33–36].

The AM process necessitates materials possessing both pumpability (extrudability)
and properties conducive to layer-by-layer (buildability) construction [37–39]. These prop-
erties are critical for the successful application of 3DCP technologies, as they ensure the
material can be pumped through a nozzle, extruded in a manner, and maintain shape once
deposited [40,41]. For large-scale AM applications, the ink (printable concrete) must be
formulated to ensure smooth extrusion through a nozzle while providing adequate support
for the structural components of the subsequent layers. The capacity of concrete to flow
unaltered through a concrete pump, transmission pipe, and spray nozzle is defined as its
extrudability. The height of the printed structure and the concrete layer’s ability to solidify
and carry subsequent layers determine buildability [42–44]. Three-dimensional printing
concrete’s rheological properties, including shear strength (yield stress) and viscosity, are
crucial for its printability. The composition of ingredients significantly impacts the ma-
terial’s rheological behavior [45,46]. Thixotropy, a time-dependent property, is crucial in
3D printing research as it ensures suitable flowability for extrusion and printability. The
mixture must possess a suitable thixotropic consistency and prompt stiffening response
for improved buildability. Balancing printability and material strength in the hardened
state requires careful adjustment of water content and plasticity. Three-dimensional print-
ing mixtures must consist of a precise blend of chemical admixtures to boost workability
and comprise fine particles for effortless nozzle flow, necessitating a meticulous selection
of materials [37,44,47]. The workability, setting time, and mechanical properties of the
printed structures can be significantly influenced by various additives, including cellu-
lose microfibers, viscosity-modifying agents (VMA), and mineral additives [48,49]. The
binder’s unique characteristics indeed necessitate specific qualifications for 3D printable
mixes. These mixes utilize a variety of binders, including cement, geopolymers, earth–clay
binders, and sustainable cementitious materials, each with distinct properties affecting the
printability, mechanical performance, and sustainability of the final product [49,50].

3.1. Cement Matrix Inks

Three-dimensional printable concrete is a new-generation construction material con-
sisting of cement, water, aggregates (predominantly fine), minerals [51–53], and chemical
admixtures [51,54,55]. It can also include fibers (to reduce shrinkage and crack forma-
tion [56–59]) and some types of clay minerals, contributing to improved shape stability and
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print quality [20,54,60,61]. Cement is recognized as a crucial binding agent in 3D-printed
concrete, and research is currently focused on improving the performance of 3D-printed
structures. Studies have considered different cement-based materials and their combina-
tions to evaluate how they affect mechanical properties and durability when utilized in
3DCP [62,63]. Research is also focused on various cement-based materials and their combi-
nations to evaluate their impact on the mechanical properties and durability of 3D-printed
concrete [41,42,50,64–70].

Interestingly, while cement is essential for the structural integrity of 3D-printed con-
crete, its use also presents environmental concerns due to greenhouse gas emissions [71,72].
The contradiction stems from the necessity to balance the structural demands of concrete
with the environmental imperative to reduce greenhouse gas emissions. Cement is crucial
for concrete’s mechanical properties, yet its production is energy-intensive and a major
source of CO2 emissions [73]. Three-dimensional printed concrete requires a higher cement
content for adequate extrudability, strength, and buildability compared to conventional
concrete [74].

As global greenhouse gas (GHG) emissions continue to rise, the resulting impacts
of climate change are becoming more severe and pose a significant threat to the world.
The construction sector is a particularly important part of this threat, accounting for 37%
of global CO2 emissions by 2021 [75]. The production of cement unequivocally poses a
significant threat to the climate, primarily due to its high-energy usage during clinker
transformation into cement and the ensuing intense CO2 emissions during calcination [76].
Seven percent or more of yearly anthropogenic greenhouse gas (GHG) emissions originate
from cement production, impeding the goal of reaching net-zero emissions by 2050 [77].
However, cement manufacturing remains one of the most demanding industries for de-
carbonisation, and, depending on the increasing population, the demand for cement is
increasing day by day [78].

Decarbonisation strategies include reducing traditional cement production, substi-
tuting clinkers, switching fuels, adopting novel technologies, and implementing carbon
pricing [79,80]. Cement production contributes to approximately 85% of the total CO2

emissions from concrete (250 kg CO2/m3) [81]. Consequently, developing new types of
cement with low or very low carbon emissions has become a significant area of research
and investigation. Examples of novel cements are as follows: i. Magnesium silicates
cement, rather than limestone cement [82,83], ii. Belitic Calcium SulfoAluminate (BCSA)
cement [84], iii. Cement is produced through the rapid calcination of dolomite rock in
superheated steam, coupled with carbon dioxide capture [85], iv. Geopolymer cement
is created using waste materials from the power industry, such as fly ash and ground
granulated blast furnace slag (GGBS) [86,87].

Three-dimensional-printed concrete technology, characterised by its use of small noz-
zle diameters and absence of coarse aggregates, initially appears economically sustainable.
However, the reliance on increased cement content may jeopardise its sustainability. While
3D printing techniques demonstrate superiority in reducing environmental impact com-
pared to traditional methods, efforts to mitigate CO2 emissions should prioritise minimizing
cement usage for a truly sustainable approach.

Calcium sulfoaluminate cement (CSA), a low-CO2 alternative, has gained popularity
as a promising binder alternative to Portland cement [88,89], while other alternatives like
limestone calcined clay cement (LC3) and reactive magnesium oxide systems are also being
explored [90], as well as reactive magnesium oxide systems [91,92]. CSA is recognized for
its lower carbon footprint compared to ordinary Portland cement (OPC) [93,94], making
it an attractive alternative for sustainable construction practices, including 3D printing of
concrete [95]. CSA’s early-age expansion can be beneficial in countering shrinkage cracking,
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a significant advantage for 3D-printed structures that may be prone to such issues due to
their layer-by-layer construction [96]. Mohan et al. [97] explored the viability of CSA cement
as a binder for 3D printable concrete. The early-age hydration of CSA cement mixtures
was studied to determine the effectiveness of borax and gluconate as retarders. Despite a
similar lubricating layer behavior, the CSA mixture necessitated a higher pumping pressure
due to its superior plastic viscosity compared to the CSA and PC mixtures. Although CSA
improves mechanical properties and reduces shrinkage deformation in concrete, it raises
the risk of carbonation and corrosion in steel rebars [98]. Jianchao et al. [99] examined the
properties of cementitious mortars made with OPC and sulphoaluminate cement (SAC).
SAC sets faster and has greater early strength than OPC. Three-dimensional printing mortar
is best suited to SAC material due to its quick initial setting time. The lower layers must be
strong enough to carry the weight of the upper layers.

The rheological properties of 3D printable cement-based mixtures, including yield
stress, shear stress, viscosity, and thixotropic index, are essential for understanding material
behavior during printing. A summary of the literature on the characterization of these
properties, along with material compositions, component variations, testing equipment,
material models, and key findings, is presented in Table 2.
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Table 2. Rheological properties of cement-based 3D printable mixtures.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Zhang et al. [54]

Type II 52.5 Portland cement
(PC), nanoclay, silica fume
(SF), fine aggregate, retarder,
thickening agent,
superplasticizer (SP)

-Water/binder: 0.35,
-Nanoclay content: 0–2%
cement replacement,
-SF content: 0–2% cement
replacement

-Brookfield rheometer
with vane spindle
-Bingham model for
rheological analysis

-Yield stress range:
15–200 Pa,
-Viscosity range: 3.5–5 Pa.s
-Thixotropy range:
4000–16,000 Pa/s

The addition of nanoclay and
SF greatly enhanced
buildability, thixotropy, and
green strength in 3D printable
concrete. The optimized
mixture containing both
showed the best overall
performance in rheology
and buildability.

Xu et al. [100]

Ordinary portland cement
(OPC), sulphoaluminate
cement (SAC), fly ash (FA),
ground granulated blast
furnace slag (GGBS), sand,
water reducing agent, rubber
powder, cellulose ether,
defoamer, accelerator, early
strength agent.

-FA content: 0–40%
replacement of OPC,
-GGBS content: 0–40%
replacement of OPC
-Water-binder ratio: 0.32

-Mars40 rheometer
-Slump test

For Optimal mixture
(20% FA): -Slump: 42 mm,
-Expansion: 185 mm,
-Apparent viscosity:
1.5–4.5 Pa.s, -Shear stress:
38–58 Pa

The addition of 20% FA
resulted in optimal rheological
properties for 3D printing,
with the lowest apparent
viscosity and shear stress, and
the best extrusion and
buildability performance. FA
and GGBS can improve
rheological properties.

Rubio et al. [101]

Cement, FA, SF, sand,
Polypropylene (PP) fibers, SP,
viscosity modifying agents
(VMA) (diutan gum,
nanoclay)

-Water/binder: 0.50,
Binder/sand: 0.50, PP
fibers: 0.2–0.6% by volume,
-SP: 0.275–0.55% of binder,
-VMA1 (diutan gum):
0.05% of binder,
-VMA2 (nanoclay): 0.10%
of binder

-Flow table
-Penetration
-Cylinder slump
-Haake VT550 vane
viscometer
-Modified Bingham model

-Yield stress: 0–1079 Pa
-Slump flow: 140–280 mm
-Penetration: 19–40 mm

FA and SF increased yield
stress and stability in 3D
printing. PP fibers improved
cohesiveness but hindered
extrusion. VMAs enhanced
stability but
reduced workability.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Yuan et al. [102]
Cement, sand, SP, attapulgite
(AG) clay, SAC, sodium
gluconate (SG)

-w/c: 0.35, -s/b: 1.5,
-AG clay: 0–1% of binder,
-SAC: 0–10% PC, SG:
0–0.0008% of binder

-Coaxial cylinder
rotary rheometer
-Bingham model,
-Penetration resistance test

-Static yield stress:
500–4000 Pa,
-Dynamic yield stress:
250–580 Pa,
-Plastic viscosity:
5.5–8.5 Pa.s,
-Penetration resistance:
0–35 kPa (over 10 h)

AG clay enhanced thixotropy,
while SAC accelerated
structural buildup. Optimal
printing intervals varied
between 2–10 min depending
on the mix. Penetration
resistance showed strong
correlation with static yield
stress growth.

Kruger et al. [103] Cement, FA, SF,
sand, SP -Water/cement ratio: 0.45

-Germann ICAR Plus
rheometer
-Stress growth test

-Static yield stress: 6020 Pa
-Dynamic yield stress:
692 Pa

An analytical shape retention
model for 3D-printed concrete,
which uses only rheological
properties to predict the
maximum stable filament layer
height, is developed. This
model ensures no plastic
yielding occurs under
self-weight, which is critical
for maintaining shape
retention and buildability.

Kruger et al. [104] Cement, FA, SF, sand, SP,
VMA, nano-silica

-Water/cement: 0.45,
-SP: −15% to +15% of
reference dosage,
-Nano-silica: 0–3% by
mass of cement

-Germann ICAR Plus
Rheometer
-Stress growth test

-Static yield stress:
2108–6483 Pa,
-Dynamic yield stress:
420–2803 Pa,
-Reflocculation rate (Rthix):
1.36–8.00 Pa/s,
-Structuration rate (Athix):
0.61–1.17 Pa/s

A novel bi-linear thixotropy
model was developed for 3D
printable concrete,
distinguishing between Rthix
and structuration Athix rates.
Rthix was found to be a better
indicator of thixotropic
behavior for 3D printing
than Athix.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Lee et al. [105]
OPC, ISO standard sand,
water, high water
reducing agent

-Water/binder: 0.30,
-High water
reducing agent: 0.3%
-Sand weight: 0.40–0.55
(by total weight)

-Anton Paar rheometer
-Hysteresis loop
measurements
-Buildup ratio
measurements

-Hysteresis loop area:
5647–49,242 Pa/s
-Buildup ratio: 0.66–0.81

A close correlation was found
between thixotropic behavior
(measured by hysteresis loop
area and buildup ratio) and 3D
printing buildability. The
resting time required for stable
buildability could be predicted
through analysis of
thixotropic behavior.

Weng et al. [106] OPC, SF, FA, silica sand,
natural river sand, water, SP

-Water/binder: 0.30,
-Sand/binder: 0.50,
-Sand gradation: Varied
based on Fuller Thompson
theory, uniform gradation,
gap gradation

-Viskomat XL rheometer
-Bingham plastic model
-Mini-slump test

-Static yield stress:
1874–3350 Pa,
-Dynamic yield stress:
208.4–492.7 Pa,
-Plastic viscosity:
16.65–33.31 Pa.s

A mixture based on
Fuller–Thompson showed the
best buildability, with high
yield stress, low plastic
viscosity, and stable printing of
up to 40 layers.

Zhang et al. [107] PC, SF, nano-silica, micro-AG
clay, sand, SP

-SP dosage: 0.8–1% by
mass of binder,
-Water-to-binder ratio:
0.215–0.340,
-Sand-to-binder ratio:
1.41–2.24,
-Sand maximum particle
size: 1.18–4.75 mm

-Mini-slump test for
paste flowability
-Brookfield rheometer for
yield stress,
-Cylinder stability test for
buildability assessment

-Yield stress: 2300–2730 Pa

A linear relationship was
identified between cement
paste flowability and optimal
sand content for printable
mixes. Using this with the
excess paste theory helps
design 3D printable mixes
with varying sand fineness,
ensuring suitable rheology by
adjusting sand content based
on paste flowability.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Mohan et al. [97]

CSA cement, PC, limestone
powder, sand, SP, VMA,
retarders (borax,
sodium gluconate)

-Water-to-binder: 0.35,
-Aggregate-to-binder: 1.5,
-VMA dosage: 0.1% by
weight of binder,
-Retarder dosage: 0.5% by
weight of binder,
-Limestone powder
substitution: 0–30%
replacement of CSA

-Anton Paar MCR
52 rheometer
-Tribometer with
smooth Couette
geometry
-Bingham model
-Kaplan model for
pumping pressure
prediction

-Yield stress: 618–742 Pa,
-Plastic viscosity:
22.3–62.1 Pa.s,
-Lubricating layer yield
stress: 241.7–269.7 Pa,
-Lubricating layer viscous
constant:
6830.2–7364.0 Pa.s/m

Borax can increase the open
time of CSA mixtures without
compromising early strength.
CSA mixtures showed higher
pumping pressures due to
higher plastic viscosity.
Limestone substitution
reduced plastic viscosity and
pumping pressures.
CSA–limestone mixtures
showed improved buildability
compared to Portland
cement mixtures.

Moeini et al. [108]

Cement paste (ternary
blended cement containing
PC, FA, SF), nanoclay
(bentonite and halloysite), SP,
quartz sand

-Water/binder: 0.35,
by the mass of the binder:
-Nanoclay content:
0–0.50%
-SP content: 0–0.3%,
-Sand/binder: 0.75–1.00

-Anton Paar MCR 302
rheometer with coaxial
cylinders and parallel
plate geometries
-Mini-slump flow test
(ASTM C1437)
-Bingham model

For optimal paste
mixture(H50HR3)
-Static yield stress: 27 Pa
(at t = 0), -Static yield
stress: 140–1100 Pa,
-Plastic viscosity (Pa. s)
1.7–4.0 Pa.s, -Dynamic
yield stress (Pa)
58.3–76.2 Pa, -Thixotropy
coefficient (Athix):
10.1–60 Pa/min,

Different rheometric methods
provided insights into different
aspects of material build-up.
Static yield stress evolution
was suitable for assessing
sheared material behavior.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Qian and De
Schutter [109]

PC, nanoclay (purified AG
clay), polycarboxylate ether
superplasticizer (PCE)

-Water/cement: 0.4
-Nanoclay content: 0–0.5%
by mass of cement
-PCE content: 0–0.2% by
mass of cement

-Anton-Paar MCR 102
rheometer with coaxial
cylinder geometry

-Range for mixtures:
Dynamic yield stress:
2.5–27.5 mNm Thixotropic
index: 1.1–3.3

Nanoclay increased thixotropy
and dynamic yield stress at all
PCE dosages. A half-percent of
nanoclay maintained high
thixotropy even at high PCE
dosages. A nanoclay and PCE
combination allows for the
achievement of low dynamic
yield stress yet high thixotropy,
which is desirable for
applications like 3D printing.

Tarhan and
Sahin [20]

CEM I 52.5 R white cement,
GGBS, calcined kaolin clay,
silica sand, PP fibers, SP,
VMA, cement hydration
control agent, setting
accelerator, air-entraining

-Water/binder: 0.35,
-GGBS: 20% of
cement weight,
-PP: 0.2% of mixture
volume, -Total aggregate:
1.24 binder amount,
-Air-entraining admixture:
0–0.2% of binder

-Anton Paar RheolabQC
rotational rheometer,
-Bingham model for
rheological analysis

-Yield stress range:
50–262 Pa,
-Viscosity range:
24,606–47,697 mPa.s,
-Thixotropy range:
18,288–25,877 Pa/s

Air-entraining admixture
decreased yield stress and
viscosity but interestingly
increased thixotropy of 3D
printable mortar mixes. The
rheological properties were
found suitable for 3D
printing applications.

Bos et al. [64] PC, FA, SF, sand, SP Water/binder ratio: 0.45

-Schleibinger Viskomat
XL rheometer
-Bingham model for
rheological analysis

-Static yield stress:
630–3180 Pa,
-Dynamic yield stress
range: 40–1450 Pa (initial
values), -Thixotropy
-(Rthix) range: 4.9 to 6.6
Pa/s, -Athix range: 0.6 to
3.1 Pa/s

Different test methods
provided varying and
sometimes conflicting results
for material property
development. Shear strength
correlations required assuming
high friction angles tied to
Mohr–Coulomb failure.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Panda et al. [110] OPC, FA, microsilica, sodium
sulphate, sand, nanoclay (AG)

-Water/binder: 0.30,
-Sand/binder: 0.83, -Time:
0–150 min after mixing,
-Nanoclay content: 0–0.5%
of binder

-Anton Paar MCR
102 rheometer

-Yield stress range:
~4000 Pa

Nanoclay enhanced early
stiffness and green strength,
improving buildability. A
mathematical model was
created to predict layer
deformation during printing
based on material properties
and time.

Harbouz et al.
[111]

Cement, sand, SP, VMA,
supplementary cementitious
materials (SCM) (FA, SF,
limestone filler, kaolinite)

-Water-to-binder ratio:
0.28,
-SP dosage: 0.3–1.2% by
weight of cement, -VMA
dosage: 0–1.5% by weight
of cement, SCM types and
combinations

-Discovery hybrid
rheometer with
vane-in-cup geometry

-Initial static yield stress:
100–500 Pa, -Athix:
4–15 Pa/min,
-Rthix: 5–23 Pa/min,
-Viscosity recovery rate (R):
0.4–0.95

The study proposed a new
“WEB” (workability,
extrudability, buildability)
approach for assessing
printability. Optimal
printability was achieved with
0.006 < W < 0.015, E > 2.5, and
B < 2, where W, E, and B are
indices derived from
rheological parameters.

Zhang et al. [40] Cement, sand, SP (HRWR),
nanoclay, SF, thickening agent

-Water-to-cement: 0.35,
-Sand-to-cement (S/C):
0.6 to 1.5

-Rheometer and
Bingham Model

-Viscosity: 3.8–4.5 Pa.s,
-Yield stress: 178.5–359.8
Pa, Thixotropy:
<6284.5 Pa/s

The study identified an
optimal S/C ratio range of
1.0–1.2 for 3D printing
concrete, balancing
pumpability, extrudability, and
buildability.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Mohan et al. [112]
Cement (CEM I 52.5 N),
GGBS, fine aggregate (max 2
mm), SP, VMA

-Water-to-binder: 0.35,
-Aggregate-to-binder
(a/b): 1.0 to 1.8, -SP
dosage: adjusted to
maintain flow value of
50–60%

-Anton Paar MCR-52
dynamic shear rheometer
-Tribometer tests,
-Krieger–Dougherty and
Chateau–Ovarlez–Trung
models for the analysis of
the influence of aggregate
content on the
rheological behavior

-Plastic viscosity:
15.3–41.2 Pa·s
-Yield stress:
627.6–828.4 Pa
-Lubrication layer
yield stress:
124.7–182.8 Pa
-Lubrication layer viscous
constant:
4399.5–5781.8 Pa.s/m

Increasing aggregate content
significantly increased plastic
viscosity and moderately
increased yield stress and
storage modulus of printable
mixtures. The study
demonstrated that rheological
properties of both bulk
concrete and lubrication layer
influence on the pumping
behavior of high-yield stress
printable concretes.

Chen et al. [113]

CSA, hydroxypropyl methyl
cellulose (HPMC), water
reducing agent (WRA),
sodium gluconate (SG),
ultrafine quartz
sand, bentonite

-Water-to-cement ratio:
0.35, -Bentonite content:
0–3% of cement mass

-Rotational rheometer
(kinexus lab+, Malvern),
-Bingham model

-Dynamic yield stress:
602.53–717.77 Pa,
-Plastic viscosity:
2.37–2.97 Pa.s,
-Static yield stress:
580–730 Pa,
-Thixotropic parameter:
0.267–0.574

The addition of 2% bentonite
achieved optimal 3D
printability with plastic
viscosity below 2.50 Pa·s and
dynamic yield stress below
645.54 Pa. Bentonite improved
structural stability and
reduced deformation
over time.

Long et al. [114]

OPC, FA, SF, microcrystalline
cellulose (MCC),
superplasticizer (HRWRA),
lithium carbonate
(accelerator), fine aggregate
(max 1 mm)

-Water-to-binder ratio:
0.27–0.35,
-MCC content: 0–1.5 wt%
of binder

-RM 100 touch rheometer,
-Bingham model

-Plastic viscosity:
7.41–12.71 Pa.s
-Yield stress:
414.14–1201.24 Pa
-Thixotropy:
64,220.14–173,463.26 Pa/s

The addition of 1 wt% MCC
provided optimal rheological
properties and buildability for
3D printing. Compared to the
control mix, plastic viscosity
and yield stress increased by
20.9% and 190.0%, respectively.
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Tran et al. [115] OPC, FA, SF, limestone
powder, PP fiber, sand, SP

-Water-to-binder ratio
(W/B): 0.22–0.30
-Sand-to-binder ratio
(S/B): 0.58–0.94, -PP fiber
content: 0–5.4 kg/m3, -SP
dosage: 0.58–0.71%
of binder

-ICAR rheometer
-Bingham model

-Dynamic yield stress:
250–500 Pa
-Plastic viscosity:
22–60 Pa.s

Water/binder ratio and PP
fiber content significantly
affected rheology. Early-age
shrinkage was rapid, reaching
96% within 24 h.

Souza et al. [116]

OPC, sucrose, commercial
setting retarder (CSR),
polycarboxylate ether-based
superplasticizer (PCE),
calcium chloride (CC),
setting accelerator

-Water-to-cement ratio:
0.28–0.32, by
cement weight:
-CSR: 0–0.5%, -Sucrose:
0–0.5%, -PCE: 0–0.3%, -CC:
0–3.0%, -setting
accelerator: 0–5.0%

-RheoWin HAAKE
Viscotester iQ rheometer
-Shear growth test for
static yield stress

-Static yield stress:
~500–1800 Pa
-Athix: 0.4–8.2 Pa/s

Setting retarders and
superplasticizers improved
open time but reduced
buildability. Accelerators
increased the structuration
rate, but higher dosages were
needed when used with
superplasticizers.

Nerella et al. [117]
CEM I 52.5 R cement, FA,
micro-silica suspension, SP,
set accelerator

-Water-to-cement ratio:
0.42, -SP: 0–0.75%
-Accelerator: 0–2.5%
-Cement replacement with
SCMs: 0–45% by volume

-HAAKE MARS II
coaxial rheometer
-Stress growth test
-Bingham model

-Static yield stress:
~0–260 Pa (varying with
composition and age)
-Athix: 0.07–1.83 Pa/min

A strain-based approach for
measuring structural build-up
was proposed, prioritizing a
constant effective strain ≥1.5
over a constant shear rate. This
method better characterizes
stiffer printable mixes.
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Table 2. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Rubin et al. [118]
PC, natural quartz sand,
limestone filler, SF, PCE,
aluminum sulfate accelerator

-Water-to-cement: 0.35
-Water-to-binder: 0.32
-Accelerator dosage: 0–4%
by cement weight
-superplasticizer dosage:
0.003–0.007% by
cement weight

-Direct shear test
-Rotational rheometry
(Schleibinger
Viskomat XL)

-Static yield stress:
~2000–4000 Pa,
-Athix: 0.67–9.66 Pa/s

Rotational rheometry yielded
higher stress values than direct
shear tests. Accelerators
caused an exponential increase
in yield stress at early ages. A
new model for this exponential
yield stress evolution was
proposed, and an analytical
model for predicting
buildability was reviewed.

Chen et al. [119] CSA, metakaolin, HPMC,
WRA, tartaric acid, water.

-Water 0.35,
-Metakaolin 0–3%

-Rotational rheometer
(Kinexus lab+, Malvern)
-Bingham and
Herschel–Bulkley models

-Static yield stress:
150–675 Pa
-Dynamic yield stress:
303–675 Pa
-Plastic viscosity:
2.4–2.57 Pa.s

Metakaolin addition improved
yielding behaviors and
thixotropy of 3D-printed CSA
cement composites, leading to
decreased structure
deformation. The
Herschel–Bulkley model was
more suitable for analyzing
dynamic rheological properties
than the Bingham model

Jayathilakage et al.
[120]

Cement, graded coarse and
fine sand, SF, SP,
retarder, water

-Water/cement ratio: 0.25,
-Variable: Layer width (20
mm and 30 mm nozzle
sizes tested)

-Vane shear apparatus -Initial yield stress:
300–1500 Pa

A Mohr–Coulomb-based
buildability criterion was
developed and validated,
offering greater accuracy in
predicting plastic collapse
failure height.
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3.2. Sustainable Binders
3.2.1. Geopolymer Inks

Geopolymers are predominantly fabricated using supplementary cementitious ma-
terials such as ground granulated blast furnace slag, fly ash, metakaolin, calcined clays,
and zeolite, which are all rich in Al2SiO3 and Na2SiO3/NaOH (alkali-activated silica)
solutions [121]. Instead of Portland cement, geopolymers reduce CO2 emissions by using
industrial by-products containing aluminosilicate phases with minimal environmental
harm. Employing geopolymer in AM promotes sustainable development due to being
an eco-friendly construction material [122,123]. Geopolymers, an alternative to Portland
cement, reduce environmental damage and CO2 emissions by integrating industrial by-
products into their aluminosilicate structure. These materials, which reduce industrial
waste and decrease environmental impact, exhibit low energy usage and CO2 emissions.
They are ideal for addressing the eco-friendly and sustainable requirements in contem-
porary building material production [124]. Panda et al. [122] investigated fly ash-based
geopolymer cement for large-scale AM and found that the 3D-printed geopolymer main-
tains the inherent mechanical strengths of the material, making it highly suitable for
sustainable construction. However, the anisotropic nature of 3D printing impacts the
mechanical properties of geopolymers, depending on the direction of loading [122].

With its abundant aluminosilicate composition and superior performance compared
to traditional cement concrete, geopolymer concrete shares traits similar to those of the
cement family [125,126]. Geopolymer concrete has been reported to exhibit several advan-
tageous characteristics, including rapid development of compressive strength [127,128].
Geopolymer concrete is composed of aluminosilicate materials that react with alkaline
liquids to form a hardened binder, which contributes to its strength [125]. Furthermore,
the addition of components like fly ash to geopolymer concrete mix not only makes use of
industrial waste but also improves the concrete’s durability and mechanical qualities [129].

Geopolymer concrete sets much faster, making it especially beneficial for 3D printing
in concrete applications compared to OPC concrete. The geopolymerization process and
materials used in geopolymer determine this trait. Under ambient conditions, high-strength
geopolymer can rapidly set and attain adequate early strength [130,131]. This rapid set-
ting time can be attributed to the high calcium oxide content in certain fly ash-based
geopolymers, which may lead to flash setting or rapid hardening [132].

Geopolymer concrete has improved tensile strength, which is especially important for
3D-printed structures. The addition of polypropylene fibers improves its mechanical prop-
erties, with specimens containing 0.5% fiber showing the highest strength values [133,134].
Studies have also shown that geopolymer concrete is more resistant to acid attacks [135],
chloride ion penetration, and freeze–thaw cycles, which are crucial for structures exposed
to harsh environments [136,137]. After frost resistance tests, 3D-printed geopolymer mate-
rials demonstrated slightly lower strength but higher thermal conductivity compared to
conventional concrete [138].

Geopolymer concrete has improved fire resistance [139], resistance to freeze–thaw
cycling [140], insulating properties [141], minimal creep and drying shrinkage, as well as
exceptional resistance to sodium sulfate [142], 10–30% lower material cost [143,144], and a
lower global warming potential compared to OPC [145]. Different fibers, such as steel [146],
glass [147], natural fibers [148], and polymeric [149] fibers, have been used to increase
its strength.
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Various institutions and firms have developed sustainable printable geopolymer
concretes. For example, RENCA has produced and launched geopolymer 3D printing
mortar for commercial use based on eco-friendly geopolymer technology [150]. Figure 3
shows different printable geopolymer matrices.
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Three-dimensional-printed geopolymer concretes, a more sustainable alternative to
traditional Portland cement concretes for lowering CO2 emissions, offer a reduced en-
vironmental impact [151,152]. Several research groups have investigated 3D printable
geopolymer inks. The suitability of geopolymers for 3D concrete printing was investigated
by Panda et al. [151]. A single-component geopolymer consisting of aluminosilicate precur-
sor and solid alkaline solution was formulated, displaying a thixotropic property akin to
traditional Portland cement. At Delft University of Technology [153], the optimal geopoly-
mer mix design incorporating Class F fly ash and blast furnace slag for extrusion-based
3D printing was studied. Three-dimensional printing’s most suitable binder composition
is 80% fly ash and 20% slag. The larger the amount of slag, the shorter the geopolymer’s
setting time becomes, making it unsuitable for extrusion. Three-dimensional printers with
fast performance require a shorter open time than the geopolymer’s 33 min. The alkaline
solution’s ratio and composition significantly affected the geopolymer’s initial setting time.

Mechanical properties of 3D-printed geopolymers can be significantly enhanced by
incorporating continuous steel cables and short PVA fibers. Lim et al. [154]. reported
a 290% increase in flexural strength by using micro steel cables during printing. These
reinforcements improve compressive strength, ductility, and toughness [155,156].

Three-dimensional printable one-part geopolymer concrete’s rheo-chemical properties
were studied by Muthukrishnan et al. [157] via activator content, thixotropic additive
(MAS), and retarder (sucrose) dosage investigations. The one-part geopolymer with a
binder composition of 0.75 wt% MAS, 10 wt% activator, and 1.5 wt% sucrose had improved
printing properties. Hojati et al. [158] have created a geopolymer using basalt sand and
carbon fibers with potential for use as a 3D printing construction material on Mars. The
NASA 3D Printed Habitat competition witnessed the creation of a beam, cylinder, and
dome structure by the research group through successful 3D printing.

Panda et al. [159] explored the characteristics of alkali-activated slag (AAS) binders
tailored for extrusion-based 3D printing. The AAS mixtures’ fresh properties were enhanced
by adding nanoclay (NC) and nucleation seeds. Incorporating 0.4% NC into the AAS
mixtures augmented their thixotropic behavior, and adding 2% hydromagnesite seeds
created more nucleation points, leading to a higher rate of hydrate phase precipitation.
Consequently, the rate of structural build-up required for large-scale 3D printing saw
improvement. This AAS formulation was successfully utilized to print a real 3D structure,
affirming its practicality for 3D printing uses.
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Future studies on 3D printing geopolymer concrete can investigate other polymers,
such as polyacrylonitrile, polybutadiene, polystyrene, and polypropylene, alongside popu-
lar options like polylactic acid and polyethylene terephthalate glycol [160,161]. Additionally,
the durability of polymers currently used in 3D printing for geopolymer matrices requires
further exploration. Conducting a life cycle assessment (LCA) of geopolymer concrete will
also be crucial in enhancing its sustainability [124]. In contrast to traditional cement-based
materials, geopolymers present a more sustainable option due to their reliance on industrial
by-products like fly ash and slag. These materials offer a lower environmental footprint,
but understanding their behavior during the 3D printing process is crucial. Geopolymers
exhibit unique rheological properties that influence their printability and structural stability.
Table 3 provides an overview of various 3D-printed geopolymer formulations, outlining
key factors such as composition and performance outcomes.
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Table 3. Rheological properties of geopolymer-based 3D printable mixtures.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Panda et al. [162]
FA, GGBS, Potassium Silicate
(K2SiO3), nanoclay
(attapulgite clay), river sand,

-Activator-to-binder ratio:
0.35, -Water-to-solid ratio:
0.30, -Nanoclay
content: 0.5%

-Stress growth test
-Viscosity recovery test

-Static yield stress:
~1000 Pa
-Viscosity recovery:
~1000 Pa

The study found that adding
0.5% nanoclay improved the
yield stress and thixotropy of
geopolymer mixes,
enhancing their suitability
for 3D printing applications.

Zhang et al. [163]
GGBS, steel slag, sodium
metasilicate,
Sodium Hydroxide (NAOH),

-Water/binder ratio: 0.35,
-sodium metasilicate
(20–40 g), -NAOH (0–20 g),
-Si/Na ratio: 0.5–1.0

-Rheometer
-Modified Bingham model

-Initial yield stress:
0.339–3.439 Pa,
-Yield stress after 1–20 min
rest: 1.71–5.30 Pa

The study found that lower
Si/Na ratios led to higher
yield stress and better
structure-rebuilding ability,
which are beneficial for 3D
printing applications.

Zhou et al. [164]

FA, GGBS, residue soil (RS),
river sand,
Sodium Silicate (Na2SiO3),
NAOH,

-Water/solid ratio: 0.42,
-sand/solid ratio: 1.0,
-water reducer: 10%, RS
content: 0–110% of
binder mass

-Rheometer,
-Bingham model

-Static yield
stress:1496.4–3196.6 Pa,
-Dynamic yield stress:
131.9–504.6 Pa,
-Plastic viscosity:
5.73–10.49 Pa.s

Increasing RS content led to
higher yield stress
and viscosity,
improving shape retention
and buildability for 3D
printing, but excessive RS
content (>90%) negatively
affected extrudability and
mechanical properties.

Paiva et al. [165]
Metakaolin, Potassium
Hydroxide (KOH), K2SiO3,
NaOH, Na2SiO3, natural sand

-Water/solids ratio:
0.40–0.50, -sand content:
0% or 40% volume per
volume percent

-Rotational rheometer

-Static yield stress:
~400–4000 Pa
(depending on
composition and
resting time)

Sodium-based activators
produced geopolymers with
higher initial yield stress
compared to
potassium-based activators.
Lower water/solids ratios
and sand addition improved
rheological properties.
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Table 3. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Panda et al. [166]
FA, GGBS, SF,
Na2SiO3, NaOH,
Solution/binder ratio: 0.46

-FA content: 90–100%
-GGBS and SF contents:
0–10%

-MCR 102 rheometer

-Initial yield stress:
~330–660 Pa,
-Thixotropy index (λ):
0.24–1.42 (after
1–20 min rest)

SF addition significantly
improved yield stress and
thixotropic behavior of
geopolymer mixes,
enhancing shape retention
for 3D printing.

Sandoand Stephan
[167]

FA, GGBS, Na2SiO3 solution,
NaOH, fine aggregate (for
mortar mixes),

-Activator/binder
ratio: 0.20,
-Water/binder ratio: 0.16

-Penetration test with
Toni SET Force
penetrometer

-Initial yield stress:
~2000–4000 Pa
-Yield stress after 60 min:
~20,000–120,000 Pa

They highlight that mixing
time significantly influences
the printability of
geopolymers. Shorter mixing
durations lead to a stiffer
consistency, which
compromises extrudability
and makes the material
unsuitable for 3D
printing applications.

Guo et al. [168]

FA, slag powder, SF,
anhydrous Na2SiO3 powder,
quartz sand,
ATTAGEL-50

-10–30% slag powder
-10–30% SF

-RVDV-2 type
rotational viscometer
-Bingham model,
-Herschel–Bulkley model

-Apparent viscosity:
~10–70 Pa.s
-Plastic viscosity:
5.5–8.80 Pa.s
-Yield stress:
6.74–103.97 Pa

The addition of 10% slag
powder and 10% SF
improved the apparent
viscosity and yield stress of
the geopolymer mixture,
enhancing its suitability for
3D printing. The
Herschel–Bulkley model was
found to be more accurate in
characterizing the rheological
behavior of the geopolymer
mixtures compared to the
Bingham model.
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Table 3. Cont.

Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Zhu et al. [169]
FA, GGBS, sand, NaOH,
Na2SiO3 solution,
polyethylene (PE) fibers

-GGBS content: 100–300 g,
-NaOH content: 27–58 g,
-sand content: 400–800 g,
-PE fiber volume: 0–0.6%

-Anton Paar MCR302
dynamic shear
rheometer,
-Herschel–Bulkley model

-Yield stress: 7.93–57.86 Pa

Increasing GGBS and sand
content improved stacking
performance and fluidity
while increasing NaOH
content improved stacking
but reduced fluidity. Adding
PE fibers significantly
increased yield stress but
slightly reduced flowability.

Brandvold and
Kriven [170]

Metakaolin, K2SiO3 solution
(potassium water glass)

-Temperature 5–55 ◦C
-Shear rates: 25–100 s−1

-Discovery Hybrid
Rheometer 2

-Yield stress:
15.5–393.22 Pa
-Viscosity: ~7–15 Pa.s

Temperature greatly affects
rheology. Higher
temperatures (35–55 ◦C)
lower initial viscosity but
cause rapid increases in
viscosity and yield stress due
to accelerated
geopolymerization. Lower
temperatures (5–15 ◦C) result
in higher initial viscosity but
more stable properties,
providing longer
printing windows.

Kashani and
Ngo [171]

GGBS, FA, SF (ratios 3:1:0.5),
sodium metasilicate powder,

-8 and 10% sodium
metasilicate powder
-0.31–0.35 w/s ratio

-Haake Rheometer
(Viscotester 550)

-Initial yield stress:
680–1670 Pa

The optimal mixture (8 wt%
activator, w/s ratio 0.33)
exhibited suitable rheological
properties for 3D printing
with yield stress ~1400 Pa.
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Name Materials Material Parameters Test Equipments/Models Rheological Properties Key Findings

Shahmirzadi et al.
[172]

FA, GGBS, lead smelter slag,
Graphene Oxide (GO),
Nanoclay

-GO: 0–0.07 wt%,
-nanoclay:0–0.50 wt%,
-FA ratio: 1.0:0.0–0.5:0.5,
-activator/binder:
0.35–0.40,
-activator modulus: 1.5–2.1
24–50%,
-relative humidity (RH),
35–50%, 35–90%

-HAAKE Viscotester 550
rheometer,
-Anton Paar MCR 702
TwinDrive rheometer

-Static yield stress: ~1000
-Apparent viscosity (from
structural rebuilding test):
~5000–23,000 mPa.s

Incorporating GO at
0.03–0.07 wt% significantly
improved yield stress
development and viscosity
recovery compared to
nanoclay. GO-modified
mixes showed superior
rheological properties for 3D
printing, with higher
viscosity recovery (66.5% for
0.07% GO vs 55.8% for
0.5% nanoclay).

Lv et al. [173]

GGBS, sodium carboxymethyl
starch (CMS) as a
modifying agent,
water glass, NaOH,

-Water/solid content: 0.37,
-CMS content: 0–3% by
weight of GGBS

-Anton Paar MCR-301
rheometer,
-Bingham model,
-Herschel–Bulkley model

-Yield stress: 0.99–23.87 Pa
-Plastic viscosity:
0.05869–12.0394 Pa.s
-Thixotropy:
88.70–3515.80 Pa/s

CMS significantly enhanced
the rheological properties of
alkali-activated slag paste,
improving yield stress,
plastic viscosity, and
thixotropy, making it suitable
for 3D extrusion forming.

Sariyev et al. [174]
FA, polypropylene (PP) fibers,
Na2SiO3,
NaOH (NaOH),

-Alkaline
solution-to-binder ratio:
0.4, -PP fiber content: 0–1%
by volume

-Anton Paar MCR 102
rotational rheometers,
-Herschel–Bulkley

-Yield stress: 30–95 Pa,
-Static yield stress range
for optimal extrusion:
30–70 Pa

The optimal PP fiber content
range of 0.25–0.5% provided
balanced rheological
properties for 3D printing,
enhancing performance
without complicating the
extrusion process.
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Chen et al. [175]

FA, GGBS, nanocellulose
(Nano-fibrillated cellulose
(NFC) and Micro-fibrillated
cellulose (MFC)), magnesium
oxide (MgO)

-MgO: 0–2%, -NFC: 0–2%,
-MFC: 0–2%,
-calm breeze and strong
wind condition:
~0.03–0.05–0.1 kg/m2/hr
evaporation rate

-Viskomat XL
concrete rheometer

-Yield stress:
37.12–79.68 Pa
-Plastic viscosity:
1.84–2.64 Pa.s
-Thixotropy:
1308–6158 Pa/s

Adding nanocellulose (NFC
or MFC) significantly
increased yield stress, plastic
viscosity, and thixotropy of
geopolymer paste, improving
printability and buildability.
NFC had a greater effect than
MFC.

Saadati and
Kani [176]

Phosphorous slag, Mullite
(obtained from calcined
kaolinite), Silica sand,
NaOH, Na2SiO3,

-Sand/binder ratio: 0.6,
-Liquid/solid ratio: 0.43,
-Mullite content: 2–15%
-Si/Na ratio: 0.2–0.6

-MCR 302 Anton
Parr rheometer,
-Herschel–Bulkley

-Yield stress: ~13–35 Pa
-Plastic viscosity:
0.8–1.6 Pa
-Apparent viscosity:
~2–30 Pa.s

Geopolymer pastes follow
the Herschel–Bulkley fluid
model and exhibit thixotropic
behavior. The geopolymer
mixture prepared with 5%
mullite and a Si/Na ratio of
0.4 showed optimal
rheological properties for 3D
printing applications.

Brandvold et al.
[177]

Metakaolin (Metamax HRM),
K2SiO3 solution, sand, basalt
fibers

-Sand content: 30–60 wt%
-Basalt fiber length:
3.175–12.7 mm
-Squeeze flow rate: 0.1–3.0
mm/s

-Discovery Hybrid
Rheometer-2 -Yield stres: 2.77 Pa

Geopolymer composites with
50–60 wt% sand and 3 wt%
basalt fiber exhibited
rheological properties
comparable to Ordinary
Portland Cement (OPC),
showing potential for 3D
printing applications.
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Brandvold et al.
[178]

Metakaolin (MetaMax),
K2SiO3 solution

-Shear rates: 10–250 s−1,
-Resting times: 0–140 min
(in 10-min increments)

-Discovery Hybrid
Rheometer-2

-Viscosity range:
1.95–5.79 Pa.s
(at shear rates 10–50 s−1)

Geopolymer pastes exhibit
strong thixotropic behavior,
with full thixotropic
restructuring occurring
around 90–100 min of total
undisturbed rest time.
Reaching a state of full
thixotropic disturbance
heavily depends on subjected
processing parameters.

Souza et al. [179] Metakaolin, NaOH, Na2SiO3,
additional water

-Na2SiO3: 6.4–33.9 wt%,
-Additional water:
0–4.3 wt%

-HAAKE MARS III
rheometer -350–800 Pa Yield stress

Temperature manipulation
can effectively control the
reaction rate of geopolymers
and their rheological
properties during printing.
High-fluid mixtures can be
quickly turned into buildable
ones through
systematic heating.

Ma et al. [180]

Metakaolin-based
geopolymers activated by
Na+, K+, or Cs+ ions
Triton X-100, PEG, PVA, and
Kaolin as rheology modifiers

-Triton content: 0–2.50%,
-PEG content: 0–3.75%,
-PVA content: 0–3.75%,
kaolin content: 0–60%

-DHR-1 rheometer (TA
Instruments),
-Bingham model,
-Herschel–Bulkley model

-Yield stress range:
308.0–1765.9 Pa
-Viscosity range:
28.3–180.7 Pa.s

The Triton–Kaolin rheology
modifier combination
demonstrated universality in
rheological control of Na+-,
K+-, and Cs+-based
geopolymer inks, with the
corresponding minimum
slump rates of 0.7%, 0.4%,
and 0.8%, respectively.
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Ramakrishnan et al.
[181]

Metakaolin, Na2SiO3, OPC,
FA, GGBS, silica sand (fine
and coarse), sucrose (1 wt% of
binders as retarder)

-OPC (0–25% replacement
of FA or slag) -Viskomat XL rheometer

-Static yield stress range:
4.6–168.9 kPa
(at 30 min)

Two-part printhead mixing
of geopolymer and OPC
slurries allows for rapid
setting and strength
development after extrusion
while maintaining good
pumpability. Replacing FA
with 25% OPC showed the
best performance, with 17×
higher static yield stress.

Panda et al. [122]

FA, GGBS, SF, K2SiO3
solution, KOH, fine river
sand, thixotropic additives
(Actigel and cellulose).

- -Viskomat XL rheometer,
-Bingham model

-Thixotropic index:
Minimum value of 10,000
(area between up and
down curve of T-N graph)

The developed geopolymer
mixture exhibited suitable
rheological properties for 3D
printing, with a printable
thixotropic zone identified
for extrusion-based
applications.

Rahemipoor et al.
[182]

FA, Microencapsulated Phase
Change Materials (MEPCM),
Na2SiO3, NaOH

-MEPCM content:
0–20 vol%

-Anton Paar Physica MCR
502 rheometer,
-Bingham model

-Yield stress: ~30–530 Pa
-Plastic viscosity:
~10–90 Pa.s

MEPCM served as both a
thermal energy management
component and a viscosity
modifier for 3D printable
geopolymer paste.
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Ranjbar et al. [183]

FA, halloysite nanotube (HA),
meta-halloysite (MHA)
(calcined at 800 ◦C), Na2SiO3,
NaOH, silica sand

-HA/MHA content:
0–15 wt% of FA

-Anton Paar Physica MCR
502 rheometer

-Static yield stress:
~1000–1700 Pa

Adding just 1–2 wt%
halloysite significantly
increased rheological
properties and buildability of
3D printable geopolymer
mortars without
compromising mechanical
strength. MHA accelerated
setting time compared to
untreated HA.

Sun et al. [184]
GGBS, Calcium carbonate
powder, Na2SiO3, NaOH,
CMS

-CMS content: 0–8%
by weight
of total solids,
-Water-solid ratio: 28 wt%

-Anton Paar MCR 301
rotational rheometers,
-Herschel–Bulkley model

-Plastic viscosity:
10.08–75 Pa.s,
-Yield stress: ~1–70 Pa

The addition of CMS
significantly enhanced the
rheological properties of
geopolymer composites,
improving workability and
shape retention during 3D
printing. Optimal CMS
content was found to be
between 4% and 6%, which
provided suitable viscosity
and yield stress for extrusion.
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3.2.2. Earth-Based Inks

For centuries, natural earth resources have been used to build structures worldwide.
The integration of earth-based mixtures in new construction techniques appears advan-
tageous due to several sustainable benefits, including resource efficiency [185]. These
materials reduce energy consumption during production, possess thermal and humidity
regulation properties, and improve energy efficiency and indoor air quality [186,187]. Using
earth-based mixtures in innovative construction methods offers breathability [188], toxin
absorption [189], recyclability, and zero waste [190]. Earth-based materials, known for
regulating indoor climates and having a minimal environmental footprint, are gaining
recognition [191,192].

Although 3D printing with earth-based materials is advancing, research on printability
is limited. Three-dimensional-printed goblet-shaped TECLA shelter, crafted from recycled
local terrain materials, boasts a novel circular design [193]. Additionally, Figure 4 shows
wall prototypes and stairs at the Institute for Advanced Architecture of Catalonia (IAAC)
used similar clay soil [194]. The printability of earth-based materials depends on pumpabil-
ity, extrudability, and buildability. It is essential to balance printability improvements, such
as adjusting fluidity and water content, with maintaining material strength [37].
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While most research in 3D printing construction focuses on cement-based materials,
Bajpayee et al. [195] introduced a new palette of natural soils for AM, including a burlewash
clay crosslinked into a siloxane framework. To ensure the development of a new palette
for sustainable construction materials, the importance of an integrated LCA approach
is emphasised. Curth et al. [196] suggest recommendations for sourcing, treating, and
characterizing local earthen materials based on factors like soil type, moisture content, fiber
content, and compressive strength. Full-scale wall prototypes were created using a six-axis
robotic printing machine, and an LCA showed that earth-based AM is environmentally
competitive with other methods.

In a review of 3D printing with soil-based materials (2000–2019), Arrieta–Escobar
et al. [197] identified key challenges and prospects, such as biocompatibility, chemical and
mechanical stability, and spatial resolution. Perrot et al. [198] improved the green strength
and printability of earthen structures by incorporating alginate seaweed biopolymers into
raw earth, achieving compressive strength comparable to cob earth. Gomaa et al. [199]
reviewed the potential of earth-based materials like clay, soil, and adobe in 3D printing
for sustainable construction, highlighting their properties and environmental benefits. To
further explore the potential of 3D-printed earth-based mixtures, understanding their
rheology is critical. Table 4 details the rheological properties of various formulations,
providing insights for optimizing printability and structural integrity.
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Table 4. Rheological properties of earth-based 3D printable mixtures.

Name Materials Material Parameters Test Stan-
darts/Equipments/Models Rheological Properties Key Findings

Biggerstaff et al. [200]

Lunar regolith simulant
(JSC-1A), bovine blood
proteins (AP920),
deionized water

-Biopolymer solution
concentration: 34.5–37.9%,
-biopolymer–soil ratio:
10–19.9%, -moisture
content: 15.5–36.7%

-ASTM C230, ASTM
C1437 minicone slump
test, -cylindrical slump
test, -elastic–plastic slump
model

-Dynamic yield stress:
8–1438 Pa
-Static yield stress:
52–1438 Pa

The post-printing height of a
3D-printed
biopolymer-bound soil
composite layer can be
accurately predicted using an
elastic–plastic slump model
based on yield stress, wet
elastic modulus, and density.

Alqenaee and
Memari [201]

Clay, sand, water, lime,
straw

-Clay: 38.5–52.6%, -Sand:
11.1–17.7%, -Water:
24.2–34.3%, -Lime:
7.4–11.6%,
-Straw: 0–1.5%

ASTM D4318–17 Plasticity
test: hand rolling
procedure for workability

Printability and
buildability were
evaluated qualitatively
through printing tests

The optimal printable
mixture contained 49% clay,
24.2% water, 15.3% sand, 10%
lime, and 1.5% straw.
Three-dimensional-printed
specimens generally showed
higher strength than
cast specimens.

Ji et al. [202] Four different soils, flax
fiber, sand

-Clay: 4–31%, -Silt:
11–41%,
-Sand: 39–80%, -Water
content: 18–45%

-Fall cone test -Yield stress: max 2000 Pa
(varies with water content)

Shrinkage is reduced by
decreasing water content and
increasing sand content.
Extrudable mixtures had
yield stress < 2000 Pa for
Guerande soil and <1500 Pa
for Ballan Mire soil.

Perrot et al. [198] Raw earth, alginate
(Cimalgin HS3)

-Earth: 100%, -Water: 45%,
-Alginate: 3% (of
earth mass)

-Vane test for yield stress
measurement,
-penetration test for green
strength and elastic
modulus.

Initial yield stress: 1500 Pa

The addition of alginate
allowed for the rapid
development of green
strength, enabling the
printing of a 3 m-high wall in
1 day.
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Asaf et al. [203]
Sand, kaolinite clay (white,
chocolate, and
Mamshit varieties)

-Clay content: 19.4–33%,
-Sand content: 49.1–65.5%,
-Water content: 15.1–18.2%

-ICAR Plus rotational
rheometer

-Static yield stress:
~1000–3000 Pa,
-Dynamic yield stress:
~500–2000
Pa -Apparent viscosity:
~5–20 Pa.s

Flow table spread and
rigidity coefficient correlate
strongly with pumpability
and stability. Higher
kaolinite content enhances
thixotropy, while coarser
particles increase static yield.
An analytical model based on
rheological properties
accurately predicted cylinder
collapse during printing.
Optimal mixtures balanced
flowability and stability, with
28.6% clay content
performing best.

Benzerara et al. [204]

Raw earth, diss fibers, date
palm tree fibers, xanthan
gum (XG), sodium
hexametaphosphate
(HMP)

-Earth: 49.1–65.5%, -Fibers:
1.5–3% by volume, -Water:
23–28%, -XG: 0.5–2% of
dry earth mass, -HMP:
0.3% of dry earth mass

-ASTM D4318 Cone
penetrometry test -

It was found that the
materials tested could be
extruded when the depth of
penetration varied between 3
and 5 mm.

Biggerstaff et al. [205]

JSC-1A lunar regolith
simulant, bovine blood
proteins (AP920),
deionized water

-Biopolymer solution
concentration: 34.5–37.9%,
-Biopolymer–soil ratio:
10–19.9%,
-Moisture content:
15.5–36.7%, -Soil volume
fraction: 0.321–0.548

-Steady stress sweep
test,
-constant shear rate
test with ARES-G2
Rheometer

-Static yield stress:
46–3644 Pa,
-Dynamic yield stress:
6–3786 Pa

Soil volume fraction range of
0.435–0.548 was identified as
suitable for 3D printing
based on extrudability and
shape stability requirements.
The Chateau–Ovarlez–Trung
model accurately predicted
dynamic yield stress up to a
soil volume fraction of 0.52,
while De Larrard’s model
better predicted static yield
stress across the full range.
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Maierdan et al. [206] Kaolinite clay, sodium
alginate, distilled water

-Kaolinite content: 40–120
g per 50 g water,
-Alginate content: 0–2.4%
by mass of water

-TA DHR 20 Rheometer
with vane geometry

-Static yield stress:
~10–450 Pa,
-Dynamic yield stress:
~10–300 Pa

Sodium alginate increased
electrostatic repulsion
between kaolinite particles,
reducing flocculation and
sedimentation. This
decreased yield stress and
storage modulus by orders of
magnitude at low alginate
contents. Above a critical
concentration of 0.12–0.6%,
alginate formed a polymer
network that increased yield
stress and modulus. Alginate
addition shifted the printable
clay content range to higher
values, with potential
benefits for strength
and shrinkage.

Maierdan et al. [207]
Kaolinite clay, XG, water,
sand (for compressive
strength tests only)

-Water/clay ratio:
0.83–1.25,
-XG concentration: 0–5.5%
by weight of water

-TA DHR 20 rheometer
with vane geometry,
-Bingham model

Not specified for
“Printable” mixture (5%
XG, 0.83 water/clay ratio)

XG initially disperses clay
particles, decreasing yield
stress and viscosity. Above
0.6% concentration, XG
forms a polymer network,
increasing these properties
and enabling 3D printability
at 5% XG content.
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Tarhan et al. [208]
Raw earth (RE), quarry
wash mud (QWM),
sea sand (SS),

-RE: 44%, -QWM: 16%,
-SS: 40%,
-Water: 21%

-Fall cone test (EN ISO
17892-6),
-Vane shear test (ASTM
D4648/D4648M-16,
RheolabQC SN80518563
rotational rheometer

-Yield stress: 806.31 Pa
(fall cone test),
-Shear strength: 1590 Pa
(vane shear test)

The earth-based mixture
demonstrated remarkable
stability with consistent shear
strength values, ensuring its
rheological properties
remained unchanged,
allowing for long-term,
uninterrupted construction
without concerns about flow
variations. A lime-based
mixture was also developed,
becoming workable after a
second mixing, highlighting
the importance of proper
mixing for
rheological purposes.
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Housing has a big impact on the Indian economy, but there is a shortage of 27 million
units, mostly affecting the middle class and economically disadvantaged groups. Without
action, this deficit is expected to reach 38 million units by 2030. Using local expertise and
technology to reduce construction costs without sacrificing quality is a potential solution
for affordable housing. Raj et al. [209] also examined the use of 3D concrete printers and
prefabricated concrete methods in low-cost housing. Because of problems with time, effort,
and durability, fire bricks are frequently used in hot, arid countries like Egypt in place of
earthen materials. El-Mahdy et al. [210] presented SaltBlock, a sand- and salt-based sustain-
able building technique. The process uses 3D printing to create an affordable composite
while revitalizing the classic Karshif substance. For a 20 cm wall, SaltBlock prototypes
outperformed fire bricks in terms of thermal performance (0.94 W/m²K) and compressive
strength (9.5 MPa). In desert regions, this research encourages sustainable construction.

Biopolymer-bound soil composites (BSC) are a unique class of construction materials
with potential use in sustainable construction on Earth and the creation of infrastruc-
ture on other planets. Biggerstaff et al. [205] conducted research on BSC and found that
combinations, including proteins as biopolymers and polysaccharides, increase the soil’s
cohesiveness level. They also emphasized the need for a deeper understanding of the
rheological characteristics and applicability of extrusion-based 3D printing within a soil
volume fraction range of 0.435 ≤ ϕBSC ≤ 0.548. Biggerstaff et al. [205] demonstrated that a
BSC with low-cohesion soil is suitable for extrusion-based 3D printing.

The creation of an environmentally acceptable earth composite reinforced with
natural sisal fibers and chemically stabilized using a hydraulic binder was studied by
Silva et al. [211]. In order to determine the ideal water content, they also used shear vane
experiments on new earth samples to analyze workability. Layer-by-layer deposition was
made possible by the acceleration of the hardening process by the use of OPC as a chemical
stabiliser. According to Silva et al.’s [211] findings, the shear yield strength is significantly
influenced by the water content, fiber addition, and OPC replacement. This inexpensive,
environmentally friendly earth-based composite can be utilized for 3D printing.

Integrating 3D printing with local resources for building construction is advancing
rapidly. However, challenges such as material compatibility, process optimization, and
verification of structural integrity continue to hinder widespread adoption. Nevertheless,
the anticipated expansion of this technology promises to transform construction practices
on Earth and, possibly, in extraterrestrial environments.

3.3. Sustainable Cementitious (Including SCMs) Binders

The phrase “cement-based composites” refers to a wider variety of materials
than just “cement”. Many studies have integrated mineral additives to create sus-
tainable, cement-based, 3D printable concrete mixes that improve their engineering
properties [42,44,49,54,212,213]. Incorporating mineral supplements into cement-based
concrete for 3D printing boosts both its sustainability and engineering properties. Studies
have explored various mineral additives like metakaolin, micro-silica, slag, fly ash, and
rice husk ash. Three-dimensional concrete printing is enhanced through the addition
of certain substances, resulting in improved pumpability, printability, buildability, and
mechanical performance, as well as a reduced environmental impact from high Portland
cement content [49,63,214].

Chen et al. [215] reported a maximum of 45% substitution of cement with a mix of
fly ash and silica fume for producing sustainable 3D printable concrete, while calcined
clay is another viable option as a substitute. Le et al. [42] developed a 3D-printed mortar
reinforced with polypropylene fibers, made of Portland cement, fly ash, silica fume, and
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sand, containing superplasticizers and retarders for a 9 mm nozzle, workability of 100 min,
and the ability to create 61 layers, resulting in a height of approximately 400 mm.

Advancements in low-clinker cement formulations greatly reduce the construction
industry’s environmental impact. The integration of SCMs into concrete reduces carbon
emissions while improving its mechanical properties and durability [216,217]. Incorporat-
ing SCMs in concrete not just reduces carbon emissions but also improves the concrete’s
mechanical properties and durability. Boscaro et al. [216] produced cement with 50% Port-
land cement and 50% limestone, burnt oil shale, and fly ash as SCMs. This low-clinker
mortar can be efficiently retarded, processed, pumped, and extruded immediately after
mixing with the accelerator paste. Also, 303 kg/m3 of Portland cement is needed for
this mortar mix, which is almost half the usual quantity in digital concrete fabrication.
Functionally graded concrete reduces the self-weight and consumption of materials in
specific locations within concrete structures.

Craveiro et al. [218] created five functional concrete mixtures using a superplasticizer,
chemical powder, and varying proportions of cork granules as aggregate substitutes,
producing 3D printable, functionally graded construction elements. Chen et al. [219]
applied a viscosity-modifying admixture to improve the printability of limestone-calcined
clay-based cementitious materials. The researchers explored how an HPMC-based VMA
affected the 3D printability and mechanical properties of the materials. Three-dimensional
printability and mechanical performance were significantly enhanced when 0.24% VMA
was added to the binder mass.

Using the LSD AM technique, water-resistant green bodies with high compressive
strength have been produced. A 30.8 ± 2.5 MPa compressive strength has been achieved
in green bodies by incorporating a polymeric binder during the LSD process. This fig-
ure matches or exceeds that of conventional concrete [220]. Noteworthy is the develop-
ment’s ability to highlight LSD AM techniques’ capacity to create durable ceramic compo-
nents for various applications, including autonomous Mars habitat fabrication. Moreover,
Hojati et al. [158] used the MgO and MgCl2 salts present in Martian soil to create Sorel
cement, also referred to as Magnesium Oxychloride cement for Mars applications. By
combining the binder with a magnesium chloride solution, they created a substance that
looks like rock, sets quickly, and has a significant initial strength.

Limestone powder positively impacts the rheology, strength, and shrinkage properties
of alkali-activated slag/fly ash grouting materials [221], in addition to the workability and
pore structure of cement mortar [222]. But using too much may result in lower compressive
strength in mortar [222]. The addition of limestone powder accelerates structural build-up
in alkali-activated systems. Dai et al. [223] investigated the influence of limestone powder
on alkali-activated cement in terms of rheological properties, pore chemistry, mechanical
strengths, and microstructures. The addition of more limestone powder increased the rate
of structural development in the ternary alkali-activated system. The thick water film and
spherical shape of fly ash particles lead to increased particle packing and subsequently
lower plastic viscosity. Introducing limestone powder weakened the compressive strength.
Additionally, limestone powder has been recognized for enhancing the rheology, strength,
and shrinkage properties of alkali-activated slag/fly ash grouting materials [221] and for
improving the workability and pore structure of cement mortar [222]. Nonetheless, a higher
limestone powder content has been linked to lower compressive strength in mortar [222].

The addition of magnesium oxide (MgO) to slag-based mixtures for environmentally
friendly spray-based 3D printing has an impact on the concrete’s hydration, rheological
characteristics, and setting time. MgO considerably reduces the first setting time of fresh
mixtures, according to Lu et al. [25], who observed a 78% reduction when 40% of ground
granulated blast-furnace slag (GGBS) is replaced with MgO. Moreover, the rheological
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characteristics are changed by the addition of fly ash cenosphere (FAC), which raises critical
ratios and lowers pumping pressures to improve the quality of spray printing. On the
other hand, according to Chen et al. [224], adding MgO to cementitious materials based on
alkali-activated slag improves volumetric stability and reduces the heat of hydration; the
most effective MgO content is less than 1%.

3.4. Foam Concrete

Three-dimensional printing research in the construction industry now includes foams
as a crucial component [225]. Foam concrete is a versatile material that serves both structural
and insulation functions [226]. Recently, foams have gained significance in the construction
industry and have been incorporated into 3D printing research. Foam concrete, in compari-
son to lightweight concrete, is considered a versatile material suitable for both structural
and insulation purposes. Their versatility in adapting to specific applications makes them
even more desirable as materials.

There are many different techniques for introducing gas into a material. To date, direct
blowing techniques are the most appropriate for extrusion printing and spray printing.
Typical blowing agents include nitrogen, carbon dioxide, water, air, pentane, hexane,
dichloroethane, and freon [227]. Some possible foams for 3D printing are polyurethane
(PU), extruded polystyrene (XPS), expanded polystyrene (EPS), foamed glass, cement foam,
and silica foam [225].

The foam concrete density ranges from 200 kg/m3 to 2000 kg/m3. It contains ce-
ment, water, preformed foam, fine sand, and mineral additives such as fly ash, silica
fume, and other necessary chemical additives. Lightness and low density [228], thermal
insulating properties [229], good resistance against fire [230], improved workability [231],
cost-effectiveness [232], higher sound-absorbing rate, and poor mechanical strength are
peculiar characteristics of foamed concrete [233]. It is most suitable for facade applications.
Compared to similar highly insulating mineral materials such as aerated concrete, foam
concrete is strain hardening, so the production process is eco-friendly thanks to its low
energy consumption [234]. Foam bubbles are described as enclosed air voids formed by
foam agents. Foam agents are synthetic, protein-based detergents, glue resins, hydrolysed
proteins, resin soap, and saponin. Water-reducing admixtures are not typically used be-
cause they are likely to cause foam instability. In practice, foam concrete has been widely
used in construction and building applications in various countries such as Germany, the
UK, the Philippines, Türkiye, and Thailand [235].

The use of foam concrete in AM applications has been infrequently explored in the
literature [35,225,226,233,234,236–238]. Lublasser et al. [234] examined the application of
foam concrete on the bare walls of existing buildings to achieve a facade finish that is highly
insulating, easily recyclable, and customizable due to the raw material mixture’s properties.
This study aims to ensure controllable and reproducible applications by focusing on the
automated application of foam concrete using a robotic setup.

Further, 3DP-LWFC and classical foamed concrete were compared in their fresh state
properties and mechanical strength by Falliano et al. [236]. The former’s mechanical
strength values significantly improved, with compressive strength increasing by over 70%
and flexural strength by approximately 100%, when mixing intensity increased from 1200
rpm to 3000 rpm. Markin et al. [226] studied different printable foam concretes with
densities ranging from 800 kg/m³ to 1200 kg/m³. The study examined the fresh and
hardened state properties of foam concrete and evaluated its application in 3D printing in
terms of its economic, sociological, and ecological impacts. Liu et al. [238] improved the
printability of fresh foamed concrete (FC) using SAC. Moreover, 3DPFC’s fresh properties,
such as foam stability, open time, buildability, interlayer interface, porosity, and mechanical
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anisotropy, were studied in relation to varying SAC compositions. Adding SAC expedites
pore structure formation by enhancing hydration, thereby reducing FC settlement and
hindering defoaming.

4. Research Findings
4.1. Yield Stress and Structural Stability

In 3D printable mixtures, yield stress is crucial for determining the structural stability
of printed layers. High yield stress ensures that the material retains its shape during
printing and resists deformation under its own weight. However, excessively high yield
stress can hinder extrusion. As highlighted in Table 2, cementitious binders typically
display a broad range of yield stress values (15 Pa to 6500 Pa), depending on the binder
type and the use of supplementary materials such as FA, nanoclay, or SF. The addition of
SAC, PP fibers, FA, ground granulated blast furnace slag (GGBS), SF, or nanoclay further
enhances green strength, making these mixtures more suitable for 3D printing applications
where structural integrity is essential.

Studies (Table 3) show that geopolymers generally exhibit lower yield stress values
compared to cement-based mixtures but still provide adequate structural stability for
3D printing. Zhang et al. [163] and Paiva et al. [165] reported that lower Si/Na ratios
and sodium-based activators lead to higher yield stress and improved structure recovery
compared to potassium-based activators, making these mixtures more suitable for 3D
printing. The incorporation of nanoclay or PP fibers further enhances the yield stress and
buildability of geopolymer mixtures, improving their suitability for vertical constructions.

Earth-based mixtures show considerable variation in yield stress, influenced by
the raw earth type, moisture content, and fiber reinforcements, with generally lower
yield stress values compared to cementitious and geopolymer-based mixtures. However,
the addition of biopolymers or fibers, as seen in studies by Biggerstaff et al. [205] and
Perrot et al. [198], significantly improves structural stability by increasing yield stress and
promoting rapid green strength development, which is critical for large-scale printing.
Sodium alginate, at low concentrations, reduces yield stress by preventing flocculation and
sedimentation through enhanced electrostatic repulsion between kaolinite particles. At
higher concentrations (0.12–0.6%), it forms a polymer network that increases yield stress.
Similarly, XG initially disperses clay particles, reducing yield stress and viscosity, but at
concentrations above 0.6%, it forms a polymer network that enhances these properties,
enabling 3D printability at 5% XG content.

4.2. Viscosity and Flow Behavior

Optimizing viscosity for 3D-printed mixtures requires balancing flowability and build-
ability across different material types. While high viscosity improves shape retention and
ensures layers maintain their form after extrusion, excessive viscosity can hinder extrusion
and pumping, complicating printability. Therefore, careful selection of water reducers,
activators, or other additives is crucial to achieve the right consistency for smooth extrusion
while still ensuring structural integrity throughout the printing process.

The viscosity of cementitious mixtures is critical for determining their flow behav-
ior during 3D printing. In cement-based mixtures, viscosity typically ranges between
1.5 Pa·s and 62.1 Pa·s, depending on the material composition. As noted in studies by
Zhang et al. [52] and Rubio et al. [97], mixtures with higher SF content generally show
increased viscosity. This is due to the fine particles in SF, which reduce the water content
and create a denser, less flowable mixture. However, careful control of the water-to-cement
ratio and the use of SP can mitigate this effect, ensuring the mixture remains extrudable
while retaining its shape post-extrusion. Limestone can lower the viscosity of CSA mixtures,
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and the addition of 2% bentonite optimizes 3D printability by keeping plastic viscosity
below 2.50 Pa·s and dynamic yield stress under 645.54 Pa. Bentonite enhances structural
stability and minimizes deformation over time, making the material highly suitable for
3D printing.

Geopolymer mixtures, typically based on FA and GGBS, exhibit distinct viscosity
characteristics due to the influence of alkali activators and supplementary materials like
nanoclay and metakaolin. According to Panda et al. [162], Guo et al. [164], and Kashani and
Ngo [167], adding SF and reducing the activator-to-binder ratio increases viscosity, which
helps with shape retention during printing but decreases flowability. Geopolymer mixtures
are also sensitive to the type of activator used, with sodium-based activators generally
resulting in higher viscosity and yield stress compared to potassium-based activators, as
noted by Paiva et al. [124]. Zhu et al. [165] found that higher GGBS and sand content im-
prove both stacking ability and fluidity, while increasing NaOH content improves stacking
but reduces flow. The addition of PE fibers increases yield stress but slightly limits flowa-
bility. Souza et al. [175] emphasized that adjusting the temperature can quickly enhance
the buildability of fluid geopolymer mixtures during printing, as heating accelerates the
transition from a highly fluid state to a buildable one. Brandvold and Kriven [166] also
observed that higher temperatures (35–55 ◦C) initially lower viscosity but quickly increase
yield stress due to rapid geopolymerization. In contrast, lower temperatures (5–15 ◦C)
provide higher initial viscosity and more stable properties, allowing for a longer working
time during printing. In earth-based 3D printable mixtures, viscosity and flow behavior
are influenced by the natural variability of soils and the inclusion of fibers or biopolymers.
As shown in the study by Asaf et al. [203], increasing the water content reduces viscosity,
improving flowability.

4.3. Thixotropy and Material Recovery

Thixotropy, the ability of a material to recover its internal structure after shear stress, is
crucial in 3D printing. It ensures strong interlayer bonding, shape retention, and structural
stability during the printing process. However, achieving the right balance between
thixotropy and flowability is essential to maintain both extrudability and buildability.
This balance applies to all 3D printing materials, including cement-based, geopolymer,
and earth-based mixtures, each of which presents unique challenges depending on their
composition and the additives used.

In cement-based mixtures, high thixotropy ensures that the material can recover its
internal structure quickly after deposition, which is vital for achieving strong interlayer
bonding and shape retention. However, excessive thixotropy can hinder flowability, making
pumpability a critical factor to optimize during formulation. A balance must be managed
between buildability and extrudability. The inclusion of nanoclay, as seen in studies
like [54,101,108–110], improves the thixotropy. Furthermore, Qian and De Schutter [109]
report that the combination of nanoclay and PCE enables low dynamic yield stress while
maintaining high thixotropy, making it ideal for 3D printing applications. This balance
allows the material to flow easily during extrusion and quickly regain its structure af-
terward, ensuring strong layer adhesion and stability. Chen et al. [119] reveal that the
addition of metakaolin improves yield behavior and thixotropy in 3D-printed CSA cement
composites, reducing structural deformation and enhancing material stability during print-
ing. Mohan et al. [97] borax extends open time in CSA mixtures, while limestone lowers
viscosity and pumping pressure, improving buildability compared to Portland cement.
Tarhan and Sahin [20] explore that the air-entraining admixture reduces yield stress and
viscosity, improving flowability and extrusion. This finding is interesting in that it also
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increases thixotropy, allowing a strong but previously hard-to-print mortar to become more
extrudable without sacrificing structural stability, making it ideal for 3D printing.

Measuring and understanding the thixotropic behavior of geopolymer mixtures is
also critical due to their unique chemistry and reliance on alkali activators. SF and nan-
oclay enhance thixotropic behavior [162,166,168,171]. Furthermore, graphene oxide (GO)
at 0.03–0.07 wt% enhances yield stress and viscosity recovery better than nanoclay [172].
The use of thixotropic additives like sodium carboxymethyl starch (CMS) further improves
these properties, though it may slow down the geopolymerization process due to wa-
ter retention [173,184]. Nanocellulose (NFC or MFC) boosts yield stress, viscosity, and
thixotropy in geopolymer paste, with NFC showing a stronger effect than MFC [175]. The
study by Ranjbar et al. [183] reveals that adding 1–2 wt% halloysite improved rheology and
buildability of geopolymer mortars while maintaining strength, with MHA accelerating the
setting time compared to untreated HA. These additives enhance the geopolymer’s ability
to recover after shear stress, ensuring the printed layers maintain their shape while curing.
On the other hand, thixotropic behavior also heavily depends on processing parameters
such as resting time [178].

The thixotropic behavior of earth-based mixtures is primarily driven by the type
and concentration of additives, such as biopolymers and kaolinite clay. In early work,
Perrot et al. [198] demonstrated that alginate significantly increased the green strength
of mixtures, enabling rapid large-scale construction, such as a 3 m-high wall built in a
single day. This research underscored the material’s potential for efficient 3D printing
applications. Asaf et al. [203] later revealed that higher kaolinite content improves post-
deposition structural integrity, which is crucial for maintaining layer stability during
printing. Their findings suggested that optimizing clay content could effectively balance
flowability and rigidity for better construction outcomes. Maierdan et al. [206] expanded
on this by focusing on the role of sodium alginate as a biopolymer stabilizer. They found
that alginate enhanced electrostatic interactions in kaolinite suspensions, reducing yield
stress and enabling smoother extrusion. This also shifted the printability window to higher
solid contents, leading to stronger printed layers and less shrinkage. In addition, natural
fibers such as flax provide additional tensile strength and improve the thixotropy of the
mixture, allowing for smoother material recovery after extrusion and decreasing shrinkage,
per Ji et al. [202]. However, excessive fiber or biopolymer content can increase viscosity,
making the mixture more difficult to extrude. Collectively, these studies highlight the
importance of managing the clay–water ratio and additive concentrations to optimize the
printability and mechanical performance of earth-based mixtures.

By analyzing the thixotropic behavior across cementitious, geopolymer, and earth-
based mixtures, it is clear that thixotropy plays a central role in determining the printability,
buildability, and structural stability of 3D-printed materials. Each material type offers
unique advantages and challenges, with additives and supplementary materials signifi-
cantly influencing their performance in 3D printing applications.

5. Future Work
5.1. Advancing Sustainability in Materials and Design

To further enhance the environmental sustainability of 3D printing in construction,
future research should prioritize optimizing structural design models using sustainable
materials. A crucial focus must be placed on determining the optimum mixture types
for 3D printing that balance ecological impacts with performance. Currently, printable
mixtures rely heavily on fine aggregates, often leading to increased CO2 emissions and
energy consumption due to their high binder content. This requirement leads to higher CO2

emissions and increased energy consumption compared to conventional concrete due to the
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higher binder content. Research should aim to improve the sustainability advantages of 3D
printable concrete by exploring alternative materials beyond traditional cement. A missing
direction is the use of geopolymers, SCMs, foamed concretes, and earth-based materials,
which offer lower environmental footprints. Studies, such as Bhattacherjee et al. [32],
have shown that ternary binders with high dosages of SCMs and geopolymers could
significantly reduce CO2 emissions and energy consumption compared to conventional
concrete. Future work should extend the LCA of these materials to better understand their
long-term sustainability.

Investigating the use of natural fibers as sustainable replacements for synthetic fibers
in cementitious and cement-free 3D-printed concrete is another priority. Natural fibers
enhance mechanical properties and reduce material weight, but their alkaline sensitivity
poses challenges to long-term durability. Future studies should evaluate the impact of
natural fibers on rheology, printability, and structural integrity, as well as their role in
improving corrosion resistance and long-term performance [239]. Moreover, natural fibers
have demonstrated a positive influence on the rheological properties of cement-based
systems, improving printability and reducing water drainage during extrusion [240].

5.2. Enhancing Durability, Reinforcement, and Technological Frontiers

The microstructure and durability of 3D-printed concrete differ from traditional con-
crete due to increased porosity and cracking. Research should focus on understanding
degradation mechanisms and their effects on the mechanical and micro-structural per-
formance of cement-free printed samples. Furthermore, reinforcement strategies need
to be integrated into automation systems to meet the structural demands of 3D-printed
buildings. These strategies should address reinforcement requirements for shear, flexural,
and torsional stresses [38,208], ensuring that 3D-printed structures achieve the desired
ductility. Although diverse reinforcement methods exist, such as the use of alkali-resistant
glass textiles and Shotcrete 3D Printing, more work is needed to ensure comparable flexural
behavior to cast specimens [241,242].

The evolution of 3D printing toward 4D printing offers new possibilities, including
adaptable structures with time-based functionality [8]. There is also research for shelters
on the surface of the moon, which were printed in 3D with “lunar concrete”. The main
ingredient in the mixture is powdery soil found all over the surface of the moon, known
as the lunar regolith. Scientists from the Technical University of Braunschweig and Laser
Zentrum Hannover (LZH) developed 3D-printed lunar regolith under zero gravity for the
first time. The team’s MOONRISE laser can be mounted onto a lunar rover to fabricate
long-term structures on the moon [243].

6. Conclusions
The integration of 3D printing technology in the construction industry represents a

transformative shift towards more sustainable, efficient, and innovative building practices.
This study reviewed various binder matrices, including cementitious and sustainable
alternatives such as geopolymers and earth-based inks, highlighting their unique properties,
environmental impacts, benefits, and challenges. Cementitious mixtures remain dominant
in terms of research interest, as revealed by the substantial number of publications, due to
their established mechanical strength and durability. However, their high carbon footprint
underscores the pressing need for alternative materials to align construction practices with
global sustainability goals.

In 3D-printed materials, yield stress, viscosity, and thixotropy are critical factors that
influence printability and structural stability. Cementitious mixtures, despite their inher-
ently high yield stress, can achieve suitable extrusion characteristics with the inclusion
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of additives such as nanoclay and fibers, which enhance green strength and printability.
Cementitious binders, predominantly based on Portland cement, continue to play a vital
role in 3D printing construction due to their superior mechanical strength and durabil-
ity. However, their significant environmental impact—primarily the high CO2 emissions
from cement production—underscores the urgent need to explore alternative materials.
Innovative formulations, including CSA and alkali-activated materials such as fly ash and
slag, have demonstrated the potential for significantly reducing the carbon footprint while
maintaining the mechanical properties required for structural applications.

Geopolymers, with lower yield stress, offer an eco-friendly alternative. Geopolymers,
utilizing industrial by-products like fly ash and slag, emerged as a promising alternative
with lower environmental impacts. However, their adoption requires further research to
address challenges such as anisotropic behavior and the optimization of mix designs for
large-scale applications. These findings suggest that geopolymers could play a central role
in reducing the environmental footprint of construction.

Earth-based mixtures also benefit from biopolymers and natural fibers, improving
rheological properties and enabling the use of local materials, which lowers transportation-
related emissions. However, managing yield stress is essential to balance printability and
buildability, particularly due to the variability in the moisture content of local resources.

Foam concrete, with its dual-purpose structural and insulating capabilities, was also
identified as a versatile material. Future research should focus on optimizing its formu-
lation for consistent print quality, paving the way for energy-efficient and cost-effective
construction solutions.

To enhance the sustainability and efficiency of 3D printing in construction, future
research should focus on several key areas:

• Material innovation: Developing new binder materials with lower environmental
impact, improved mechanical properties, and enhanced printability is crucial. This
includes exploring the use of natural fibers, optimizing the mix design of sustainable
binders, and investigating new polymers for reinforcement.

• Lifecycle assessment: Conducting comprehensive lifecycle assessments of 3D-printed
structures will provide valuable insights into their long-term sustainability and en-
vironmental impact. This will help identify areas for improvement and promote the
adoption of green materials and processes.

• Design and simulation tools: Enhancing computer-aided design (CAD) systems and
simulation tools tailored for additive manufacturing will streamline the design process
and improve the accuracy and efficiency of 3D printing in construction.

• Automation and reinforcement: Integrating reinforcement strategies into automated
printing systems will address the structural demands of 3D-printed buildings. Re-
search should focus on optimizing the placement and type of reinforcements to ensure
the structural integrity of printed structures.

Three-dimensional printing technology holds great promise for the construction in-
dustry, offering opportunities for sustainability, efficiency, and innovation. By continuing
to innovate in material development, optimizing printing techniques, and focusing on
sustainability, the construction sector can achieve significant environmental and economic
benefits. The transition towards greener and more sustainable construction practices,
driven by advancements in 3D printing, is not only feasible but imperative for the future of
the built environment.
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