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Abstract
Problem statement: One of the most critical issues in architectural design is form, which 
has become more complicated in computational design. To overcome such problems 
nowadays, digital manufacturing methods such as additive manufacturing could be used. 
For a long time, concrete has been considered one of the primary materials in architecture. 
In recent decades, concrete 3D printing has made significant progress and practical 
samples such as pedestrian bridges, residential units, and urban furniture have been made 
with this technology. One of the most important advantages of 3D printing is the creation 
of complex geometries including curved surfaces. In 3D concrete printing, due to its large 
scale, some defects of the printed surfaces, such as the staircase effect are more visible. One 
of the methods that could be used to make the final finish of the printed surface smoother 
and closer to the original digital design is the application of curved (non-flat) layering in 
the production process. This method could produce surfaces with a better finish only by 
intervening at the software level and using the existing hardware.
Research objective: This paper seeks to investigate the methods presented in the additive 
manufacturing of cementitious materials and attempts to find their advantages and 
limitations in published articles.
Research method: In this review article, the documentary data collected from published 
scientific documents like articles, books, and theses, have been analyzed using a 
descriptive-analytical method.
Conclusion: Three main methods in additive manufacturing of concrete materials have 
been investigated, and the advantages and limitations of each have been listed. The main 
challenges for additive manufacturing of concrete in the three categories: properties of 
printable concrete, supporting structures for concrete printing, and the presence of cold 
joints were investigated, and finally, the methods presented for the construction of curved 
surfaces with 3D concrete printing technology were mentioned.
Keywords: 3D concrete printing, Additive manufacturing, Curved surfaces, Form with 
complex geometry, Curved (non-planar) Layering.
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Introduction
Additive manufacturing (AM), which is also referred 
to as 3D printing (3DP), has gained wide acceptance 
in the last two decades and is used in a variety of 
applications, from the automotive and aerospace 
industries to the pharmaceutical and biosystems 
and food industries. The roots of this technology 
could be found in photo sculpture (in the 1860s) 
and topography modeling (in the 1890s) (Gao, et al., 
2015).
Among the most important advantages that additive 
manufacturing has over conventional methods such 
as subtractive manufacturing, which was the reason 
for the increasing popularity of this field, are: design 
flexibility (Karunakaran, Bernard, Suryakumar, 
Dembinski & Taillandier, 2012) and manufacturing 
complex geometries at a lower cost. Also high 
dimensional accuracy, no need to assemble parts 
(Gao, et al., 2015), less energy consumption, more 
sustainability, faster prototype production especially 
in low volumes, and lower cost in low quantities 
(Hopkinson, Hague & Dickens, 2006).
For rapid prototyping (RP) or additive 
manufacturing, various types of digital files have 
been produced by different CAD software packages, 
but the most widely used and accepted type is called 
STL1, which is basically a tessellated (triangulated) 
surface model (as opposed to a solid model). This 
file is used by the layering software and after 
applying the layering process, the tool path for the 

printer is extracted in the form of G-code language 
commands (Brown, De Beer & Conradie, 2014).
The CAD geometry created in the modeling 
software is converted into an STL file, and then 
this file is in turn compiled into a language that the 
printer can understand, and the printer starts making 
parts based on the settings that exist in its firmware. 
Also, some settings are included in the file, and 
then after the construction is completed, the part is 
carefully removed from the printer and, if needed, 
post-processing is performed to prepare it for final 
use (Gibson, Rosen & Stucker, 2010, 4-6).
Concrete has long been used as a building material 
in the Achaemenid Empire (Bakhshi, 2003) and 
the Ancient Roman Empire (Moore, 1995). Due 
to special features such as high formability and 
resistance to compressive forces, resistance to 
abrasion and corrosion, and lower price compared 
to structural steel, concrete has always been a 
favorite material of construction for architects and 
civil engineers. Concrete has also been widely used 
in the production of complex geometric forms with 
curved surfaces, such as the works of architects Eero 
Saarinen, Antoni Gaudí, Félix Candela, and Heinz 
Isler (Fig. 1).
The big disadvantage of using concrete in the 
production of such forms is the complexity of 
formwork design and setup and of course its high 
cost. In addition to the long time required for 
formwork setup and concrete pouring and curing, 
in some cases, the design is not capable of being 
built with conventional methods. In the last decade, 
there has been a lot of interest in using concrete 
as a material in large-scale 3D printing. Different 
goals have been listed for this technology: building 
shelters on the moon, building temporary shelters 
in emergencies, lowering the cost and construction 
time of buildings, using mass customization in the 
production of diverse forms such as urban furniture, 
high-quality control in construction (Buswell, Leal 
de Silva, Jones & Dirrenberger, 2018).
Automation in the construction industry could 
also bring additional benefits. Increased safety for Fig. 1. Deitingen service station, Solothurn, Switzerland by Heinz Isler. 

Source: Kleis, 2009.
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construction workers, coping with a shortage of 
skilled labor (Bos, Wolfs, Ahmed & Salet, 2016), 
reduction of on-site construction time, greater 
freedom in architectural design (Lim, et al., 2012), 
and less production of environmental pollutants.
In this article, various methods of large-scale 3D 
printing are reviewed along with their advantages, 
limitations, and applications such as the construction 
of pedestrian bridges, residential units, the 
production of urban furniture, and temporary shelter 
after a disaster (Mathur, 2016; Holt, Edwards, 
Keyte, Moghaddam & Townsend, 2019). In the next 
section, the challenges of additive manufacturing 
with concrete materials are discussed in three sub-
sections: “printable concrete properties and its 
constituents”, “printing of cantilevered parts and 
supporting structure for concrete printing” and “the 
existence of cold joints".
Modern AM techniques are studied in four research 
areas (Gao, et al., 2015): (1) geometry design (2) 
material design (3) computational tools and interface 
development (4) manufacturing tools and process 
development. Concrete 3D printing could also be 
examined from these four perspectives and its latest 
findings and achievements could be enumerated. The 
construction of complex geometries by 3D printing 
with concrete materials is in the field of geometry 
design of AM technologies, which itself is divided 
into five subcategories: (1) multiple representations 
of 3D models (2) geometric processing for AM 
fabrication (3) verification, repair, and enhancement 
of the 3D model (4) High-performance computing 
(HPC) for AM (5) Optimization for special effects. 
The investigated research area in the next part of 
the article is curved (non-flat) layering, which is 
in the subcategory of geometric processing for AM 
fabrication. This type of layering is a new type that 
is used in the production of forms with complex and 
curved geometry so that the printed piece has a good 
quality.
The research questions in the curve layering method 
are:
Is flat layering an optimal method for printing 

complex geometries containing freeform shapes 
with low resolution, for example with a larger 
filament in FDM?
What options are there to minimize the roughness of 
curved surfaces produced by the staircase effect in 
the flat layering method?
How best could the roughness of curved surfaces 
be minimized in the pre-processing step (digitally 
designed print path) than in the post-processing step 
(surface finishing with abrasion or plating)?

Research Method
This article is a descriptive-analytical review of 
common methods of 3D printing with concrete 
materials as well as curved (non-flat) layering 
methods in additive manufacturing. The data 
collection method is documentary and library 
research. The documents used include research 
and review articles, conference papers, theses, 
dissertations, and books. The search keywords 
include 3D concrete printing, additive manufacturing 
of concrete, additive manufacturing of cementitious 
materials, curved layering, and non-flat layering, 
which are searched in the title and abstract of the 
articles, the results of which were analyzed from 
1997 onwards and based on the number of citations. 
The most cited articles were selected to be used in 
this article.
•  Large-scale 3D printing
3D printing could be divided into two small-scale 
(desktop) and large-scale groups. Using 3D printing 
to produce the final product in the construction 
industry requires large-scale printers. More than 30 
groups of researchers have been engaged in research 
in this field in the last 10 years (Buswell, et al., 
2018).
For different structural purposes, there are two 
main groups of large-scale printers, and all printing 
methods were included in these two groups: (1) 
Contour Crafting (CC) method and (2) Particle-
bed method (Farzin, Mostofinejad & Ghahremani, 
2019).
More than half of the processes use the material 
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extrusion method (such as Contour Crafting) in 
which a small filament (between 6 and 50 mm in 
diameter) is typically pumped continuously from a 
nozzle mounted on a gantry robot or robotic arm. 
Usually, the material used is mortar with a high 
percentage of cement and aggregate with maximum 
dimensions of 2 to 3 mm. The extruded cross-
sectional shape is variable and could be circular, 
elliptical, or rectangular, and the linear speed of 
extrusion is in the range of 50 to 500 mm/s (Buswell, 
et al., 2018).
•  3D printing by contour crafting 
One of the first pioneers in the development of 
large-scale 3D printing technology using cement 
paste is Dr. Behrokh Khoshnevis, a professor at the 
University of Southern California. The 3D printer of 
Contour Crafting is a gantry robot on which a head 
is installed that is connected to a concrete pump 
with a hose and like desktop 3D printers, cement 
paste is extruded along the contour curves whose 
coordinates are given to the robot controller, and the 
final product emerges by overlapping these layers. 
In Contour Crafting, the printer extrudes two layers 
of cement paste to produce a mold, and the top of the 
extruded part is smoothed with a trowel built into 
the machine. This technology is designed to be used 
in on-site construction as well (Fig. 2) (Khoshnevis, 
2004).
This technology has several limitations: (1) it is 
limited to vertical extrusion and two-and-a-half-
dimensional (2.5D) topologies (2) the initial mold 
and trowel system are too complex to be used in 
manufacturing of any part depending on the size and 
shape of the part. (3) The successive interruption of 

concrete in the mold, due to the hydrostatic pressure 
and the weak mechanical characteristics of the 
extruded cement paste, the appearance of weakened 
interfacial areas are observed between the layers, as 
was experimentally in Le, et al. (2012b) shown.
•  D-Shape 3D printing using the powder bed 
method
D-Shape technology was developed by an Italian 
engineer named Enrico Dini. Unlike the other two 
methods which were 3D printing based on material 
extrusion, this technology was a 3D printing based 
on powder bed technology (Cesaretti, Dini, De 
Kestelier, Colla & Pambaguian, 2014).
The D-Shape printer is a gantry robot that is located 
in a chamber and can spread layer by layer powder 
materials (spectrum of stone powder, sand, and ceramic 
particles) on the surface and then glue the powder 
particles together by spraying a special adhesive and 
integrate them. In the end, it is necessary to remove the 
excess powders from the printer chamber so that the 
final product can be seen (Farzin, et al., 2019).
Excess sand powder in this method could be reused 
in the process. Although this technology was initially 
designed for the off-site production of panels and 
structural elements with complex geometry, it is 
currently being tried to show the possibility of using it 
on-site (Fig. 3) (Gosselin, et al., 2016).
The advantages of this method are (1) the possibility 
of producing complex geometries without supporting 
structures and (2) the high resolution of the printed 
part (Farzin, et al., 2019). The limitations that exist in 
this method are (1) low speed for mass production (2) 
differences in the amount of binder penetration and the 
degree of bleeding around the injection point (Lim, et 
al., 2012).
•  3D Concrete Printing (3DCP)
The concrete printing (CP) method is based on the 
Contour Crafting method, and it is a type of 3D printing 
based on material extrusion. The difference from the 
Contour Crafting method is the three-dimensional 
freedom and greater resolution of the printed part, 
which allows better control of the internal and 
external geometry (Fig. 4) (ibid.).Fig. 2. Contour Crafting. Source: Allouzi, Al-Azhari & Allouzi, 2020.
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Fig. 3. D-Shape 3D printer. Source: Al-Safy, 2019.

The advantages of this method are (1) the possibility 
of using the second material and (2) higher resolution 
than Contour Crafting (ibid.). The limitations of this 
method are: (1) the need for a supporting structure to 
print cantilevered and free forms (2) the need for a 
concrete pump and its maintenance and cleaning and 
control (3) separating the supporting structure and 
cleaning using post-processing (ibid.).

Samples of Additive Manufacturing of Concrete
From the large-scale 3D printing technology with 
cement paste, several samples have been produced 
as final products around the world. The Eindhoven 
University of Technology in the Netherlands is 
one of the pioneers of using this technology in the 
construction of pedestrian and bicycle bridges in 
the world (Fig. 5) (Salet, Ahmed, Bos & Laagland, 
2018; Everett, 2021). A project with several 
residential units is also being built by the Dutch 
company BAM in Eindhoven (Fig. 5) (Boffey, 
2021). The Concreative company in the United Arab 
Emirates has produced urban furniture, including 

Fig. 4. 3D Concrete Printing. Source: www..kuka.com.

tables, benches, and vases (Fig. 5) (Concreative, 
2018). The American company ApisCor has been 
able to produce several buildings with a 3D printer 
in Masdar City in the United Arab Emirates (Fig. 5) 
(Emre, 2022).

Challenges of Additive Manufacturing of 
Concrete
•  Characteristics of printable concrete and 
its ingredients
For 3D printing, cement paste must have certain 
characteristics, and this cannot be done with 
commonly used concrete. The desired mixing 
design, such as shotcrete, should be able to be 
pumped and retain its shape without deformation or 
with minimal deformation after extrusion (Buswell, 
et al, 2018).
Qualitative features such as “pumpability”, 
“extrudability” and “buildability” have been 
introduced by (Le, et al., 2012a). Pumpability 
describes the ease of transfer of cement paste from 
the pump to the extrusion nozzle (ibid.). Positive 
displacement pumps are commonly used in concrete 
3D printing technologies (Buswell, et al., 2018). For 
conventional concrete, the workability of concrete 
means the ease of mixing and transporting it to the 
desired point, which is similar to the concept of 
pumpability in 3D concrete printing, and mixing 
ratios such as cement-to-aggregate ratio, water-to-
cement ratio, and the number of additives also affect 
it.
In conventional concreting, the term “open time” is 
related to slump loss. In concrete 3D printing, “open 
time” is related to maintaining the viscosity and yield 
stress of the concrete, which is critical to the printing 
process. This parameter is related to the operation 
window in which a certain volume of material should 
be extruded (ibid.).
With the material deposition speed, another parameter 
called “cycle time” is defined, which is the time 
to print each layer and move to the next layer. This 
parameter determines the time delay between placing 
fresh concrete on the underlying layer (ibid.).
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Fig. 5. (1) The longest bridge (in 2018) printed with concrete, Nijmegen, Netherlands. Source: 3www.dprintingindustry.com (2) Residential unit with 
printed concrete, Eindhoven, Netherlands. Source: www.guim.co.uk (3) Urban furniture including tables, benches, and vases by Concreative in the 
United Arab Emirates. Source: www.concreative. me (4) Concrete Printing, Masdar City, United Arab Emirates. Source: www. dezeen.com.

Extrudability means the ability to extrude the 
cement paste through the nozzle without significant 
deformation in the cross-section and an acceptable 
level of splitting/tearing of the filament. There is no 
formal reference test to estimate extrudability and 
this parameter is now evaluated by visual inspection 
(ibid.).
The buildability of the cement paste is determined 
by considering extrudability, pumpability (or 
workability), and a certain open time (e.g. 100 
minutes) to determine the amount of superplasticizer 
that affects the shear strength of the cement paste. In 
the research by Le, et al. (2012a), the range of 0. 3 
kPa to 0.9 kPa was determined for the cement paste 
used, which is neither too soft nor too stiff.
In printable concrete, fine aggregates usually up 

to 2 to 3 mm in diameter are used (Buswell, et al., 
2018) and polymer fibers (Panda & Tan, 2018) as 
well as other components such as superplasticizers, 
retarders, and accelerators are also added to them. 
(Le, et al., 2012).
The strength of printed concrete depends on the 
direction of printing (Paul, Tay, Panda & Tan, 
2018). Because this concrete is not reinforced, its 
tensile strength can only be increased by adding 
fibers to it (Panda, Paul, Mohamed, Tay & Tan, 
2018). Of course, one of the research trends in 
this field is reinforcing printed concrete. Methods 
such as printing on the supporting structure, using 
conventional reinforcements in a post-tension 
form after printing the piece, and inserting the 
reinforcement during concrete printing perpendicular 



  Bagh-e Nazar, 20(127), 69-82/ Jan. 2024

..............................................................................
.....
.....
.....
.....
.....
.....
.....
.....
.....
.....
.....
....

75The Scientific Journal of NAZAR research center (Nrc) for Art, Architecture & Urbanism 

to the layer or along the layers are among these 
methods (Paul, Van Zijl & Gibson, 2018). In the 
research by Asprone, et al. (2018) a comprehensive 
review has been done about reinforcing printable 
concrete.
•  Printing of cantilevered parts and 
supporting structure for concrete printing
Among the other challenges encountered are the 
printing of curved parts and the use of a supporting 
structure to print them. Since the strength of concrete 
increases with time, in concrete printing, minimum 
time is needed for the lower layer to have enough 
resistance to withstand the higher layer. It is possible 
to make the cantilevered parts in two ways: (1) by 
corbeling (Gosselin, et al., 2016; Bos, et al., 2016) 
(2) by adding temporary support on which to print 
the cantilever and then removing it afterward (Lim, 
et al., 2016).
For the support structure, many researchers have 
proposed ideas such as printing a polymer structure with 
a time interval compared to concrete printing, using 
powder materials such as sand, printing the support 
structure with concrete (ibid.), or adaptive moulds like 
the example of the Danish company Adapa (Fig. 6).
•  Cold joint formation
Due to the time interval between the printing of layers, 
there is a possibility of a cold joint between both layers, 
which can reduce the strength of the structure at the place 
of formation. Adding polymer fibers (Panda, Chandra 
Paul & Jen Tan, 2017) or placing reinforcement between 
layers as well as optimizing printer tool paths according 
to printing parameters are ways to reduce or prevent this 
phenomenon (Buswell, et al., 2018).

Manufacturing curved surfaces with 3D 
printing technology
For layering, the 3D model file, which could be either 
solid or surface, is converted to a tessellated model 
(STL). Although layering is possible directly on the 
original model file, STL files have become the standard 
in AM technologies (Mohan Pandey, Venkata Reddy 
& Dhande, 2003).
The main limitation of the STL file, due to the 

Fig. 6. Adaptive mould by Adapa company. Source: www.adapamoulds.

first-order approximation of the surface, is the lack 
of precise geometrical information of the original 
model. The maximum deviation between a piece 
of the original surface and the STL model is called 
chordal error. Despite this error, the STL model has 
advantages such as ease in layering, changing the 
orientation of the model, and adding supporting 
structures.
Placing parallel layers on top of each other leads to 
a staircase effect as shown in Fig. 7. According to 
the stepped edges in the part, three situations may 
arise; first, all layers are placed inside the volume of 
the original model, second, all layers are outside it 
and third, some part inside the volume and the rest 
outside it. This phenomenon is called “confinement 
problem” (Fig. 7).
Curved (non-flat) layering is a dynamic method 
for toolpaths in 3D printing by fused deposition 
modeling (FDM) or fused filament fabrication 
(FFF). In this method, unlike conventional flat 
layering, the values of vertical alignment (z) are 
variable for each layer (Allen & Trask, 2015).
The use of this layering method can also help to 
improve the mechanical properties of the part 
because the tool path follows the top surface.
Curved (non-flat) layering also has limitations. 
In most cases, to print a curved surface, it is 
necessary to build a support structure for the final 
product, something similar to a mould, so that the 
final print can be built on it. The amount of slope 
that the surface could have is related to many 
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Fig. 7. Staircase effect in extrusion-based additive manufacturing, parts with vertical hatches (left side) are outside the 3D model, and parts with diagonal 
hatches (right side) are placed inside the 3D model. The gray areas show the difference between the printed part and the 3D model. Source: Authors.

variables, including concrete efficiency, printing 
speed, and nozzle dimensions. One of the most 
common problems is the collision of the nozzle with 
previously printed layers (Nisja, Cao & Gao, 2021).
In conventional construction that relies on 
formworks, geometric limitations arise as (1) casting 
angles (2) non-re-entrant shapes (3) complexity 
(Hague, Campbell & Dickens, 2003).
Familiar disadvantages of printing flat layering are: 
(1) more layers are required for higher resolution 
and precision in curved surfaces, which leads to 
unacceptably long printing times (Sabourin, Houser 
& Bøhn, 1996) (2) the anisotropic properties of the 
final part, especially In the FDM method (Lee, Kim, 
Kim & Ahn, 2007) (3) staircase effect on the surface 
(Hong, Lee & Gong, 2005).
The reason for the appearance of the staircase effect 
on the surface is the geometrical estimation of the 
curved section of the surface with layers of the same 
thickness. This effect is mainly dependent on the 
thickness of the filament and is measured by the area 
or height of the cusp, which is the same length as the 
height of the error triangle.
To solve this problem in D-shaped, powder-bed 
printing, the top surface is ground to the desired 

finish in a post-processing operation. In Contour 
Crafting, a special trowel is used to smooth the 
surface during printing. In general, the surface finish 
requirements enforce additional work and the main 
difference in the method used is “net-shape and 
grind” or “under-print and apply” (Lim, et al., 2016).
Improving tool paths for a printer is a pre-processing 
operation that minimizes surface roughness and 
reduces additional post-processing tasks such as 
grinding and plastering.
Curved layering seeks to improve the aesthetic 
and mechanical properties of FDM technology by 
developing the flat layering process from 2D to 3D 
to print materials on a non-flat layer. This means that 
regardless of the degree of curvature, to deposit the 
material at a consistent angle such as 90 degrees, 
the nozzle must be perpendicular to the surface of 
the substrate. These conditions will significantly 
reduce the staircase effect compared to flat layering, 
because the material deposits on the curved cross-
section of the surface, and as a result, the staircase 
effect is prevented at least in one direction. It also 
minimizes the possibility of peeling layers because 
(1) the top surface is covered with a single layer, 
compared to multiple edges of flat layers (2) the 
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total number of layers required for printing is much 
less than with flat layering.
The idea of curved layering was first proposed in the 
1990s for “Layered Object Manufacturing” (LOM) 
technology. (Kalmanovich, 1996) by presenting the 
idea of a “Height Grid” which divided the xy planes 
into a grid with regular intervals, and the height 
value (z) was used as an element of this grid to 
represent curved layer profiles. Also, with the “Open 
Loop” method, the curvature difference of each layer 
was adjusted, was as the offset of the curved layers. 
The research by Klosterman, et al, (1999) developed 
this idea to achieve optimal mechanical performance 
in fiber-reinforced ceramics and composites, which 
occurs by enabling fibers to join continuously in the 
curved plane, especially at the top surface.
Researchers later published articles about the use 
of the superposition method in curved layer fused 
deposition modeling (CLFDM) and the ability to 
produce more strength than flat layering by applying 
longer length filaments, larger contact area per layer, 
and anisotropy between filaments (Lee, et al., 2007; 
Bellini & Guçeri, 2003).
In the research by Chakraborty, Aneesh Reddy & 
Roy Choudhury (2008) an algorithm was presented 
to solve the problem of bonding between filaments, 

this problem was especially prominent in large-scale 
printing due to the large size of the filament (Lim, et 
al., 2016). Most of the research studies conducted in 
this field were summarized in Table 1, in these works 
have only studied algorithms or simulations and few 
applications have been reported with this method.
Regardless of the variety of methods in Table 1, rows 
1 to 6 and 9 have used the mathematical solution 
method. Therefore, there are always exceptions 
that algorithms cannot guarantee proper tool paths 
depending on the geometric complexity of the 
part. One of the appropriate methods of using an 
implicit solution method is to use a programming 
language (script) in modeling software such as Rhino 
(Robert McNeel & Associates, 2023) and its plugin, 
Grasshopper. In this way, the user could utilize the 
software’s geometric modeling capabilities and 
the programming language to create an algorithm 
for generating tool paths that conform to the curve 
process. The research projects mentioned in rows 7, 
8, and 10 in Table 1 have used these implicit methods. 
Some examples of parts printed with these methods 
are shown in Fig. 8. Part (1) in Fig 8 was printed at 
Loughborough University, and the printer toolpaths 
were generated in Rhino software and Visual Basic 
programming language. Part (2) in Fig 8 was printed 

No Research Year Method Application/(Material)

1 (Kalmanovich, 1996) 1997 Height Grid + Open Loop Net shape fabrication (Monolithic ceramic/
Ceramic matrix composite)

2 (Klosterman, et al., 1999) 1999 Laminated Object Manufacturing (LOM)

3 (Chakraborty, et a.l, 2008) 2008 Curved Layer Fused Deposition 
Modeling (CLFDM)

Biomedical engineering (Biocompatible PMMA-
resin)

4 (Diegel, Singamneni, Huang & 
Gibson, 2010)

2009 CLFDM with triple-material deposition 
head (CLFDM)

3D PCBs (ABS/Fab-epoxy/conductive polymer)

5 (Huang & Singamneni, 2015) 2015 Curved Layer Adaptive Slicing (CLAS) Layer-engineered net shaping (FDM materials)

6 (Allen & Trask, 2015) 2015 Curved Layer Fused Filament 
Fabrication (CLFFF)

3D objects (PLA)

7 (Lim, et al., 2016) 2016 Curved Layer 3D Concrete Printing 
(CL3DCP)

Concrete freeform surfaces (Concrete)

8 (Borg Costanzi, et al., 2018) 2018 Curved Layer 3D Concrete Printing 
(CL3DCP) on adaptive mould

Dome-like concrete surfaces (Concrete)

9 (Lim, Weng & Pham, 2020) 2020 Curved Layer 3D Concrete Printing 
(CL3DCP) on adaptive mould

Synclastic and Anticlastic concrete surfaces 
(Concrete)

10 (Li, Nguyen-Xuan & Tran, 
2023)

2023 Curved Layer 3D Concrete Printing 
(CL3DCP)

Concrete cylinder with non-flat layers (Concrete)

Table 1. Published research in curved layer additive manufacturing. Source: Authors.
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Fig. 8. (1) Concrete printed doubly-curved four-part sandwich panel (1.5m×1.5m×0.1m). Source: Lim, et al., 2016 (2) Doubly-curved concrete surface 
with four different surface finishes (1.0m×1.0m×0.03m). Source: Lim, et al., 2016 (3) Dome-like concrete printed surface (2.5m×2.5m×0.030m). 
Source: Borg Costanzi, et al., 2018.

at Loughborough University, and the printer toolpaths 
were obtained in Rhino software and the Grasshopper 
plugin. The bottom bright color piece is coated with 
plaster, the top piece is a radial pattern, the right piece 
is printed based on curved layering toolpaths, and the 
left piece is produced as a support structure by flat 
layering. Part (3) is the dome-like surface, which was 
printed using an adaptive mould at the Eindhoven 
University of Technology. In this piece, first, the 
perimeter paths of each piece are printed, and then 
their inner space is manually filled with concrete.

Results
In the last two decades, with the accelerating use of 
additive manufacturing technologies (3D printing) 
in most industries, the construction industry has 
not been an exception. With the development of 
two types of additive manufacturing technologies, 
“extrusion-based” and “powder-bed” on a large scale, 
it is possible to produce all or part of the building’s 
structure and components. Both mentioned types 
produce the desired piece in a layerwise process.
The first type, the “extrusion-based” method, has 
gained more acceptance, and most researchers have 
focused on this technology. “Contour Crafting” and 
“3D Concrete Printing” are technologies that belong 
in this category. Contour Crafting has more history 
in this field and is offered for on-site or off-site 
use, including a gantry robot and concrete pumping 
equipment. In this method, due to the complexity 
of the printer head, it is generally not possible to 
produce complex geometries. 3D Concrete Printing 

is usually used off-site. The printer could be a 
gantry robot or a six-degree-of-freedom robotic 
arm with concrete pumping equipment that 
pumps cement paste to its head and nozzle. In this 
method, it is possible to have more control over 
the printed geometry, and it is possible to produce 
complex geometries with curved surfaces.
The second type of large-scale additive 
manufacturing technology is “powder-bed” called 
D-Shape. The 3D printer consists of a gantry robot 
that spreads the powder material on the surface 
and then the binder is poured from nozzles at the 
desired points. The similarities of these two types 
of large-scale 3D printing and the three mentioned 
methods are shown in Fig. 9.
The cement paste used in two manufacturing 
methods based on extrusion contains a high 
percentage of cement and the maximum diameter 
of the aggregates is 2 to 3 mm. Qualitative 
properties such as “pumpability”, “extrudability” 
and “buildability”, which are influenced by 
parameters such as mixing ratios like cement-to-
aggregate ratio, water-to-cement ratio, and the 
amount of additives, are defined for printable 
concrete.
One of the limitations of 3D printing with cement 
paste is the construction of cantilevers, which is 
usually done in two ways: “corbeling” or using a 
support structure and “adaptive mould”. The main 
weakness in the produced parts is the presence of 
cold joints between the layers. Ideas for placing 
reinforcements between the layers or adding metal 
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Fig. 9. Similarities of large-scale additive manufacturing technologies. 
Source: Authors.

and polymer fibers to the cement paste have been 
proposed to solve this weakness.
One of the limitations of extrusion-based 3D 
printing is the final quality of the surface of the 
printed piece. In the usual way that the 3D model 
file is layered flat by the layering software, the 
final surface of the part, especially in complex 
and curved geometries, looks stepped. A 
computational method to correct this defect is 
to use curved (non-flat) layering. Most of the 
researchers in this field are looking for an explicit 
mathematical solution for this problem, which is 
not very effective in cases where the geometry 
of the part is very complicated. For complex 
geometries, coding in 3D modeling software 
could be used to extract tool paths for the printer. 
In this way, by implicitly solving this problem, 
curved (non-flat) layering is possible for a wider 
range of complex geometries.

Conclusion
The ability to produce complex geometries in 
large-scale additive manufacturing technologies 
has enabled designers to use new geometries. 
On the other hand, the possibility of mass 
customization in additive manufacturing 

technologies, faster production, the need for less 
human labor, and better quality control have made 
this category of technologies ideal for automation 
in the construction industry. Real examples 
produced with these technologies across the 
globe include a wide range of residential units, 
temporary post-disaster shelters, pedestrian 
bridges, and urban furniture.
To improve the finishing quality of the final 
surface of the products, a group of researchers are 
looking for the application of the curved (non-
flat) layering method so that they can achieve this 
with the existing printers and only by intervening 
in the pre-processing part of the 3D printing 
process.
Applying curved (non-flat) layering can have 
results such as (1) better surface finish quality 
(2) shorter printing time (3) higher mechanical 
strength for the surface.
In novel curve layering methods, the use of 
programming languages in software such as Rhino 
has made it possible to produce tool (printing) 
paths in such a way that they are interactively 
compatible with complex geometries.
Currently, these methods are not fully automatic, 
and it is necessary to extract suitable tool paths 
for the 3D printer with user intervention. In 
future research, one could expect this automation 
process to progress to the point where user 
intervention is eliminated.

Endnote
1. Standard Tessellation Language
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