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1. Introduction: current developments of 3DCP
buildings

1.1. Current developments: from lab to market

As a method of additive construction, 3DCP is considered as
a promising technology that can well balance design, eco-
nomic, and environmental requirements. It breaks the
limitation of the design space by removing the use of
formworks (Anton et al., 2020) and simplifies the procedure
to form a customized concrete shape. Among contemporary
concrete construction techniques, 3DCP technology has
already been advanced in reducing construction costs
(Batikha et al., 2022) and human hours (Fazal and Batikha,
2021). Moreover, 3DCP also produces less CO, emission and
energy consumption than its conventional counterpart in
environmental assessments (Weng et al., 2020; Abdalla
et al., 2021; Batikha et al., 2022).

The concept of 3DCP was conceived as early as the
1990s (Khoshnevis, 1996), but when it comes to the field
of building construction, the number of in-practice pro-
jects was still limited in 2016. At the time, the majority
of 3DCP works were small-scale furniture or public facil-
ities. In Nathalie Labonnote’s study, 8 additive construc-
tions with the status “built” or “projected with a
reasonable likelihood to be built at some point” were
recorded (Labonnote et al., 2016), only two of which
were 3DCP architecture projects. Inspiringly, in the last
five years (2017—2021), with the maturity of Contour
Crafting technology (Khoshnevis, 2004), more and more
3DCP architectures have been realized and come into
practical use. In 2019, Apis Cor 3D printed the wall
structures of a two-story administrative building for the
Dubai Municipality (Harrouk, 2019). In 2020, The Fibonacci
House designed by Twente Additive Manufacturing was
then launched on Airbnb (2021). In 2021, four single-
family houses, East 17th Street Residences, were built in
Austin by ICON and have already been sold out (East 17th
Street, 2021).

Nevertheless, since the 3DCP technology is relatively
new, most of the 3DCP research groups developed their
construction technologies independently, so there is still a
lack of consensus on design and construction guidelines or
procedures in the 3DCP industry (Avrutis et al., 2019;
Siddika et al., 2020; Pessoa et al., 2021). Besides, even the
3DCP technology owes the formwork-less characteristic and
is able to build structures with complex geometries (Zhang
et al., 2019), the current state of 3DCP development may
still restrict what shapes can be printed in what detail
(Avrutis et al., 2019). That is to say, it is difficult to sepa-
rate a particular 3D printing technique from its reachable
shape (Gosselin et al., 2016), hence the current 3D printed
works are quite different in volumes and shapes according
to their construction methods. As the feasibility of 3DCP has
already been demonstrated by an increasing number of
construction projects, further discussions are required
regarding how will 3DCP technology affect the building
form and what’s the preferable fabrication system for a
specific design.
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1.2. Two issues in terms of fabrication systems

The fabrication system discussed in this paper refers to the
printing equipment and the printing environment. Different
from the ubiquitous adoption of mixers and pumps to pro-
cess the material (Gaudilliere et al., 2019; Ahmed et al.,
2020; Anton et al., 2021), the choices of the printing
equipment and the printing environment are various among
current 3DCP projects. Together, the operation mechanism
of the printer and the temperature-humidity conditions
brought by the production area would determine whether a
specific shape could be printed and even characterize the
design style of a team. In another word, a 3DCP group has
to pick a certain fabrication system before investing time
and money in its technology and business. Accordingly,
"what kind of fabrication system should be chosen” has
been an ongoing discussion in the 3DCP industry, and the
core of the discussion is the following two issues.

1.2.1. Should the architects adopt the gantry printer or
the robotic arm?

At present, there are two types of printers mainly used in
the market. The first type is the gantry printer, it comprises
a CNC-controlled printing head moving in X, Y, and Z di-
rections via three chain-driven tubular steel beams (Le
et al., 2012), which is easy to program and operate. The
second type is the robotic arm, on which the printhead is
mounted so that the concrete ink can be deposited along
with the movement of the robot. It is often thought that the
gantry printer can realize a larger building volume, while
the robot-type printers are virtually impossible to build the
whole building in one go (COBOD, 2018). But it is also
argued that, although gantry solutions were initially
developed for printing the structure in one piece, their
relevance is declining in favor of the swarm robotic
approach which offers greater mobility and which is less
limited in terms of the size of the construction (Labonnote
et al., 2016). Besides, compared to the 3 or 4 degrees of
freedom of the gantry printer, the robotic arm is more
flexible because of its 6-axis movement mechanism (Zhang
et al., 2018). It also provides higher productivity over the
conventional construction process in fabricating complex
concrete structures (Garcia de Soto et al., 2018). However,
these viewpoints are mostly based on the operation
mechanisms of printers, lacking data support and in-
practice projects in 3DCP as arguments.

1.2.2. Should the building prefabricated or printed in-
situ?

Besides the printing equipment, the environment in which
the equipment is located is also an important issue to be
considered before starting a project. The printing envi-
ronment includes prefabrication and in-situ printing (Anton
et al., 2021). In prefabrication, the design model is usually
divided into several printable and transportable parts, each
part will then be printed separately as a fabrication
component. Eventually, these components are transported
to the construction site for installation. In in-situ printing,
the whole printing system is installed on the construction
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site, so the equipment can print the concrete ink at the
exact position of the building. Since there is no limitation of
transportation space and factory space, this printing
method can realize more continuous working flow without
dividing the building into pieces.

As such, different 3DCP teams also have different pref-
erences for the choice of the printing environment. On the
one hand, the research team in ETH indicates that pre-
fabrication is currently one of the most feasible strategies
to achieve geometric complexity using 3DCP (Anton et al.,
2021). On the other hand, the equipment of companies
like ICON and Apis Cor is designed specifically for in-situ
printing, their printers, Vulcan (ICON) and Frank (Apis
Cor) can be transported by their customized truck without
extra assembly (Ilcon Technology, 2021; Apis Cor, 2021).
Particularly, Anton’s narration about the geometric
complexity refers to the parametric texture of printed
products, and the companies like ICON mainly emphasize
the advantages of high efficiency and convenience of in-situ
printing. Beyond the discussions of these studies, the topic
of “whether and how the printing environment will impact
the architectural form” remains uncertain.

In short, although various 3DCP construction systems have
appeared globally, confirming the practicability of 3DCP
construction from the technical level, when it comes to
architectural design, the influence of these systems on the
space, shape, and aesthetics of buildings have not been fully
studied. At the same time, as the number of 3DCP con-
struction projects increased in recent years, it is feasible to
compare and discuss the completed cases as analysis ob-
jects. Therefore, based on the analysis and research of the
current global 3DCP buildings, this paper will discuss the
impacts of the fabrication system on 3DCP building forms.

2. Research objects and criteria

2.1. Research objects: 42 3DCP buildings in the last
five years

In this study, 3DCP building projects completed in the last
five years (from January 1, 2017, to November 20, 2021)
were selected as the research objects. In order to define
the concept of 3DCP architecture more clearly, and to
screen out comparable cases related to the research topic,
we have formulated the following six standards as the re-
quirements for a project to be selected:

(1) The project must be an architectural work or have
structural significance (such as bridge, pavilion, or
bearing structures used in a building).

(2) The 3D printing part of the project has already been
completed.

(3) The 3DCP structure is realized by Contour Crafting
technology.

(4) The project has a complete record of the construc-
tion process, which can prove that it has adopted
3DCP technology.

(5) The project adopts a material processing system
combining mixing and pumping.

(6) If a project prints multiple identical or similar build-
ings, only one of them will be selected, because the
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construction methods, geometric characteristics, and
the choice of construction system of these buildings
are the same.

Based on the above rules, 42 3DCP construction projects
were screened out as well as their basic information,
including research teams, building types, printing environ-
ments, and printer types (Appendix (A)). Considering the
unreliability of the obtainable data from the 3DCP market
(Batikha et al., 2022), each selected building was further
studied by checking the information from different re-
sources, including journal articles, book sections, satellite
images, published plans and photos, and records of printing
processes.

2.2. Criteria to quantify the building form

In this study, three quantitative criteria were established to
evaluate the influence of the fabrication system on building
form. The first is the Workspace Index, which will quantify
the dimensions of 3DCP buildings from four aspects: foot-
print, height, volume, and printable zone. Specifically, the
volume refers to the product of footprint and height, and
the printable zone refers to the minimal cube volume that
can envelop the building shape. The former is close to the
actual volume of the building whereas the latter is used to
measure the range that the printing system can actually
reach without considering the building shape. It is worth
noting that this study quantifies the volume of the 3DCP
part in a building, not the volume of the whole building. As
the limitation on the sizes of the printed structures be-
comes a major hurdle to the widespread adoption of 3DCP
in building and construction (Zhang et al., 2018), we hope
to find out the reasons for this limitation and the possible
breakthrough by the analysis of this index.

The second criterion is the Geometric Complexity Index,
which consists of two parts: basic score and bonus points
(Table 1). The base score evaluates the overall shape of the
building. A higher base score means that the building shape
is more irregular and nonlinear. The bonus point reflects
the treatment of the details of the building. If the para-
metric texture is adopted, different degrees of bonus
points will be obtained according to the coverage area of
the texture. At the same time, if a creative method is
adopted, such as varying layer height printing (Anton et al.,
2019), buildings will benefit from this method and realize

Table 1 The Geometric Complexity Index.

Base score

3D non-linear shape 4
3D curvilinear shape 3
3D linear shape 2
2.5D irregular shape 1
2.5D regular shape 0
Bonus points

Partial texture +0.5
Texture +1
Varying layer height +2
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more organic forms, hence, such projects will get more
bonus points. Notably, in this index, a higher score doesn’t
definitely mean that the building is more beautiful or
artistic, but that the building shape is more distinguishable
from the traditional building. This index is established to
emphasize that, as a disruptive technology that saves
human resources, construction time, and material uses, 3D
printing construction can also create works that are
different from those designed by traditional construction
methods and have the potential to break through tradi-
tional design thinking.

The third criterion is the Tectonic Prospect Index, which
consists of base score, bonus points, and minus points
(Table 2). The base score reflects the difficulty to realize
the structure of a project. The bonus point and minus point
indicate how a fabrication system can realize the corre-
sponding structure in a more intelligent, ecological, and
innovative way. Accordingly, the bonus and minus points
are defined by three dimensions. (1) Intelligent degree:
Intelligent degree is used to measure whether the 3D
printing process saves human resources. If a printing pro-
cess can only be realized by manually binding reinforcing
cages or adopting additional structures, then 3DCP will not
really play its role in saving human resources, the corre-
sponding points will be deducted. On the contrary, if the
printing process can be realized simply by stacking

Table 2 The Tectonic Prospect Index.

Base score

Bridge 3

Self-supporting structure 2

Bearing structure 1

Bonus and minus points

Intelligent degree 3DCP structure +2
3DCP composite +1
structure
Reinforced 3DCP 0
material
Rebar cage —1
Steel or wood —1
columns/
foundations

Sustainability Use of formwork —1
or scaffolds
Involving material -1
deduction process
Feasible for +1
reassembling
Print in one-go +2
(whole structure)

Print in one-go +1
(bearing wall)

Creativity 3DCP second floor +2
3DCP slab +2
3DCP roof/ +2
horizontal
supporting
Creative structure +2
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materials layer by layer, or the use of additional materials
is minimized by adopting a composite structure, the bonus
points can be obtained. (2) Sustainability: Sustainability is
used to measure the degree of material saving in the
printing process. If a fabrication process involves subtrac-
tive manufacturing or the use of formwork and scaffolds, it
will be considered that materials unrelated to the final
works have been produced, so the score will be marked
down. However, if the structure can be refabricated and
the printing process is completed in one go, that means the
fabrication process realizes more intensive use of materials
and can get extra points. (3) Creativity: Creativity is used to
reward the team that has made a breakthrough in struc-
ture. There are still few projects that can print two-story
buildings, slabs, and roofs, so these research directions
are of significant value for the future development of 3DCP
buildings in vertical space. Accordingly, the projects mak-
ing attempts in this direction will get more bonus points.
In short, the more technical the 3D printing process is,
the higher the project score will be. A low score indicates
that the construction process is more consistent with the
existing building standards and more standardized, but it
abandons some advantages of the 3DCP fabrication system.

3. Analysis of different 3DCP equipment types
and printing environments

In this chapter, we make statistics on the distributions of 42
projects in the above three criteria by box plots and
analyze the influence of different 3DCP equipment types
and printing environments on the building form according
to the statistical results.

3.1. Fabrication environments: in-situ and
prefabrication

The sample contains 28 in-situ printing projects (including
projects mainly adopted in-situ printing, appropriately
combined with prefabrication) and 14 prefabrication pro-
jects, the distribution of the indices is as follows (Fig. 1).
Generally speaking, the statistical results illustrate a clear
difference and a complementary relationship in the distri-
bution of in-situ printing and prefabrication. In-situ printing
has obvious advantages in Workspace Index (Fig. 1a—d),
while in Geometric Complexity Index, the score of prefab-
rication is much higher. This shows that transporting the
equipment to the site for printing is indeed helpful to
realize larger construction projects, but its disadvantage
lies in its difficulty in creating irregular shapes (Fig. 2).
Among the 28 in-situ printing projects, 20 projects are 2.5D
or linear shape (Geometric Complexity Index less than or
equal to 2 points), namely, the shapes of these projects can
be easily realized by traditional construction methods.
That’s because the unstable outdoor weather conditions
limit the choice of shape in one-go-printing. Specifically,
exposure to unstable environmental conditions (tempera-
ture, humidity, and wind conditions) will result in the
change of rheology and workability of the material, that is,
the material may become too stiff to be extruded or too
soft to form the shape (Souza et al., 2020). Therefore, if
the building is curved or nonlinear, the risk of crack or
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Box plots distributions of in-situ printing and prefabrication. (Note: In order to show the difference in data distribution

more clearly, the items (c) and (d) in Figs. 1 and 4 do not contain outlier values).

(a) Project 1 (b) Project 15

Fig. 2

(c) Project 9

(d) Project 20

Examples of in-situ printing projects with large volume and simple shapes: (a) Office of Dubai Municipality (Harrouk, 2019);

(b) R&Drone Laboratory (Cybe, 2019b); (c) Beckum House (PERI Group, 2021); (d) Barracks at Camp Swift (ICON - 3D Tech, 2021).

Project details are listed in Appendix (A).

collapse will go up. Since in-situ projects are usually prin-
ted in one go, the crack or collapse of the material will
significantly impact the printing progress and the integrity
of the building. On the contrary, prefabrication can provide
more constant temperature and humidity. Besides, printing
concrete blocks separately can also reduce the loss of crack
and collapse since a single block is easy to be reprinted,
therefore, prefabrication is capable of realizing complex
shapes (Fig. 3).

In addition, in-situ printing is slightly better than pre-
fabrication in Tectonic Prospect Index because the former
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is feasible to realize one-go printing, which depends less on
formworks and scaffolds. Prefabrication involves a more
complicated assembly process, which often relies on scaf-
folds and rebars to locate and connect concrete blocks.
Moreover, most of the prefabrication projects cannot
ensure material reuse, so the intelligent degree and sus-
tainability of prefabrication projects are scored lower
(Table 3).

In short, in-situ printing can realize larger printing
space, enhance construction intelligence, and bring
ecological benefits. But the current technology cannot
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(a) Project 27 (b) Project 33 (c) Project 30 (d) Project 39

Fig. 3 Examples of prefabrication projects with complex shapes and fine details: (a) Prvok (Prvok, 2020); (b) Guanlang Pavilion

(China Architecture News, 2021); (c) Triple S (AD Editorial Team, 2018); (d) The Fibonacci House (Twente Additive Manufacturing,
n.d.). Project details are listed in Appendix (A).

Table 3 The average score of in-situ printing and prefabrication in the Tectonic Prospect Index.

Base Intelligent Sustainability Creativity Total
score degree
In-situ 1.14 1.11 0.75 0.50 3.50
printing
Prefabrication 1.64 0.79 —0.07 0.71 3.07
make the printing process completely get rid of the inter- printing. On the other hand, in prefabrication, a stable
ference of weather conditions, which limits the perfor- indoor environment and flexible processing methods help to

mance in the Geometric Complexity Index of in-situ achieve more diverse and innovative shapes. Because of the
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Fig. 4 Box plots distributions of the gantry printer and the robotic arm.
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(a) Project 21

(b) Project 19

Fig. 5

(c) Project 8 (d) Project 31

Examples of gantry printer projects with regular shapes: (a) Community First! Village — Homeless Housing (Nielsen, 2020);

(b) A Place to Call Home (New Story, 2019); (c) 5 Apartment Units (PERI Group, 2020a); (d) Largest 3D printed home (SQ4D, 2021a).

Project details are listed in Appendix (A).

complementary relationship between these two choices,
there are some projects that adopt prefabrication as the
auxiliary in in-situ printing.

3.2. Gantry printers and robotic arms

Fig. 4 shows the statistical results of two types of printing
equipment. The sample includes 23 gantry printer projects
and 18 robotic arm projects. The project Triple S (project
30 in Appendix (A)), which is printed by delta robots, is not
included in this discussion. According to the Workspace
Index, the gantry printer can realize a larger building
volume (Fig. 4c) whereas the robotic arm can achieve a
larger printable zone (Fig. 4d). This difference can be
discussed in combination with the distribution of the
Geometric Complexity Index, in which most gantry pro-
jects score 2 points or even less. To be specific, the reg-
ular shape (Fig. 5) of such projects can make full use of
the space inside the printer, maximizing the productivity
and benefits of a gantry project. Therefore, the building
volume of the gantry printer is usually close to its print-
able space. On the contrary, benefit from the flexibility of
the printer, robotic arm projects have more irregular
shapes (Fig. 6a—c), hence the printable zone will be larger
than the actual volume of buildings. Besides, due to the
emergence of movable equipment in recent years, the
workspace of the robotic arm is greatly extended. Namely,
the robotic arm is no longer limited by its extension range
and no longer inferior to the gantry printer in terms of the
Workspace Index.

When it comes to the Tectonic Prospect Index, the
gantry projects are mainly concentrated between 3 and 4
points, which means that the fabrication method of the
gantry project has become relatively modeled and the
construction process of different research teams are

(a) Project 34 (b) Project 16

Fig. 6

relatively similar. On the contrary, the score range of the
robotic arm is wider. There are projects very close to the
traditional constructions as well as projects making great
breakthroughs in fabrication methods. Among the 18 ro-
botic arm projects, 10 projects scored less than or equal to
2 points, while 7 projects scored more than or equal to 4
points, showing an obvious polarization trend. In addition,
the median values of the two categories coincide with their
own quartile values (the bold line in Fig. 4f), the median of
the gantry printer is close to the third quartile (4 points)
whereas the median of the robotic arm is close to the first
quartile (2 points).

The difference presented by the above data is worth
reflecting, that is to say, even though the sample shows
that the robotic arm printing is more promising in tectonic
development, a large number of robotic arm projects still
fail to utilize this advantage. Particularly, as a product of
industrialization, the gantry printer has developed
maturely enough and is suitable for modular, integrated,
and mass printing. Without considering the shape variety
and vertical construction, the advantages of the gantry
printer are obvious. However, the construction logic suc-
ceeding from the scaffold limits its freedom of movement,
so it is difficult for a gantry printer to fabricate a complex
building form or adopt advanced construction methods,
which is why the tectonic scores of gantry projects are
concentrated in the middle section. On the contrary,
thanks to the advantages of tracks, lifting platform, and
six-axis movement, the robotic arm can print more freely,
but most companies and research groups have not jumped
out of the traditional 3D printing thinking, they adopted the
construction method similar to the gantry printer, printing
common building forms (Fig. 6d), and did not give full play
to the multi-dimensional movement potential of the robotic
arm.

(c) Project 37

(d) Project 14

Examples of robotic arm projects with irregular shapes: (a) Concrete Book Cabin (Han, 2021); (b) 3D Housing 05 (Dias,

2018); (c) Baoshan Pedestrian Bridge (Xu et al., 2020). A robotic arm project example that is indistinguishable from the gantry
printer projects: (d) MEET House (Cybe, 2019a). Project details are listed in Appendix (A).
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Fig. 7 The distribution of 42 3DCP projects in four fabrication systems.

Briefly, Fig. 4 shows that the gantry system printing is
more standardized in the fabrication process but is limited
in printing complex forms. The robotic arm printing usually
gets a larger workspace and is able to realize vanward
structures. However, it has the problem of polarization,
many projects have not yet explored the potential of the
robotic arm.

4. Development trends of 3DCP fabrication
systems

The following research is used to analyze the influence of
the fabrication system on the 3DCP building form. Specif-
ically, we combined the two categories of printing equip-
ment with the two categories of printing environment to
form four quadrants, and then observe the distribution rule
of the projects in each quadrant in terms of the above-
discussed indices (X-axis represents Tectonic Prospect
Index, Y-axis represents Geometric Complexity Index, and
the diameter of each circle represents Workspace Index)
(Fig. 7). According to the distribution rules of these pro-
jects, a square zone composed of the lines “X + Y = 7” can
be drawn clearly to divide these projects into two parts.
There are more projects inside the square, with lower
scores in terms of shape and structure. What’s more, these
projects mostly belong to several large 3DCP companies in
the world, including ICON, Apis Cor, COBOD, and CyBe.
Therefore, the projects inside the square can be used to
analyze the most common approach to print a building in
the market. On the flip side, there are few projects outside
the square, but they score higher. The majority of these
projects are realized by universities and research groups,
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including ETH, ZHA Code, Tsinghua University, WASP, and so
forth. These projects can be studied to observe the
development direction currently being explored in the
3DCP field. Combined with the distribution and character-
istics of these projects, we selected three representative
categories (Fig. 7) for analysis:

Type A: Market-oriented projects, representing the most
concentrated area in the coordinate system.

Type B: High-score research projects, which are all
prefabricated bridges and pavilions.

Type C: Innovative in-situ projects. Different from Type
B, they are all high-score in-situ printed architecture
projects.

The following part will discuss these three types with
specific cases and then summarize the development trends
of the 3DCP fabrication system reflected by these projects.

4.1. Mobile equipment

Type A projects have similar scores in geometric complexity
and tectonic prospect, so the workspace has become the
main criterion to differentiate and measure the form of
these projects. Therefore, the quantification of the print-
able zone also extends from building types to building
clusters. That is to say, if several identical buildings are
printed in a project at the same time, their building area
will be accumulated to reflect the space utilization of the
fabrication system on a certain site. The printing equip-
ment used in projects with larger printable spaces will be
the focus of this section.
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Table 4 The top 10 projects with the largest printable cluster zone in Type A.
Project Project name Recalculated Equipment Original data
number printable cluster mobility references
zone (Unit: cbm)
1 Office of Dubai 7.1x10° Mobile Harrouk (2019) and
Municipality Google (2022¢)
19 A Place to Call Home 1.5%103 Mobile Icon Technology (n.d.),
Kamin (2021), New Story
(2019), and Google
(2022k)
20 Barracks at Camp Swift 1.4x103 Mobile Icon Technology (n.d.)
and Google (2022a)
21 Community First! 1.3x10° Mobile ICON - 3D Tech (2019),
Village — Homeless Housing Nielsen (2020), and
Google (2022c)
9 Beckum House 1.0x103 Solid PERI Group (2020c),
Google (2022b), COBOD
(2019b), and Allplan
(2020)
8 1.0x103 Solid PERI Group (2020a) and
5 Apartments Building Gross (2021a)
23 East 17th Street Residences 8.3x10? Mobile Icon Technology (n.d.)
and East 17th Street
(2021)
15 R&Drone Laboratory 6.8x10? Mobile Cybe (2019b) and Google
(2022h)
10 647 W 19th Street Residence 6.0x10% Solid Candelaria (n.d.) and
Habitat for Humanity
(2021)
16 3D Housing 05 4.4x10? Mobile ARUP (n.d.) and

Heidelberg Cement
Group (2018)

Note: Not all projects have official dimensions (height, area, etc.), so we determined the approximate dimensions of these projects
through Google Maps, available photos, construction records, and size lists of printers.

Fig. 8 Mobile equipment: (a) and (b) the arm and built-in treads of the robot Frank (Apis Cor, 2021); (c) The gantry printer Vulcan
(Icon Technology, 2021) (d) The tracks of Vulcan in the Barracks at Camp Swift project (ICON-3D Tech, 2021).
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Fig. 9

(d)

(a) Striatus project (ETH Zurich et al., 2021); (b) Tension ties (pink) to strengthen the bridge (ETH Ziirich et al., 2021); (c)

Intelligent Force Printing project (DigitalFUTURES world, 2021); (d) The force diagram and rebar system of the structure

(DigitalFUTURES world, 2021).

The statistical results reflect the advantages of mobile
equipment in market-oriented projects (Table 4). Although
mobile equipment printing projects account for less than
one-third of all 42 samples, among the top 10 largest
printable zone projects in Type A, 7 projects adopted mo-
bile equipment. The representative equipment types are
the mobile robotic arm Frank used by Apis Cor and the
mobile gantry robot Vulcan used by ICON. Different from
the common way that the robotic arm expands the print
space through the rotation of each axis, Frank extends and
contracts its arm along the axis to realize a larger printable
zone (Fig. 8a). And the built-in treads (Fig. 8b) allow the
robot to move freely without any extra machinery (Apis
Cor, 2021). Frank’s mobility and small volume in the con-
tracted state also make it very convenient for vertical
transportation. After printing the first floor, it can be lifted
to the height of the second floor to continue the work. On
the other hand, Vulcan innovatively transforms the three-
dimensional fixed gantry into a two-dimensional mobile
gantry robot. By combining the embedded track with the
wheeled gantry frame (Fig. 8c and d), the printer can move
along the X-axis direction without restriction, which breaks
through the limitation that the gantry needs to duplicate its
frame to expand the printing space. Furthermore, these
two companies have also made the whole 3DCP system
mobile, namely, all the mixing, pumping, and printing
equipment can be transported in one custom trailer. These
methods greatly simplify the complicated procedures
required for preparing an in-situ printing.

On the flip side, mobile equipment also has limitations.
Frank can’t move and print simultaneously, namely, it has
to stop extruding materials before moving to the next po-
sition after finishing the work in one area. Besides, Frank is
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a 3-axis robot, compared to the 6-axis robot, it is limited in
printing complicated shapes. The main restriction of Vulcan
is its mobility in Y and Z directions. ICON also made it clear
on the official website that Vulcan was designed specifically
to produce single-story buildings (Icon Technology, 2021).
This restriction may be related to the stability of the portal
frame. When the building height increases, the stability of
the robot may decrease.

In a word, the mobile robot has the potential to expand
the printing space on site, and it can also well meet the
demand of mass production and high efficiency required by
the market. However, the current technology cannot
ensure the synchronization of movement and printing,
expansion of vertical space, stability of the equipment, and
multi-axial movement, so it is still limited in realizing
higher buildings or complex shapes.

4.2. Algorithmic structure

Type B projects are prefabricated, structural projects, all
of which reflect the breakthrough of the algorithm-
empowered structures in 3DCP. Among them, project
Striatus and project Intelligent Force Printing (Fig. 9)
almost achieved the highest scores in geometric complexity
and tectonic prospect. Remarkably, both of these projects
took full advantage of the prefabrication system to ensure
ideal loading conditions for the concrete structure. Striatus
is a cooperative project realized by ETH Block Research
Group (BRG), ZHA Code, Incremental 3D, and Holcim. In
this project, a compression-only funicular structure was
generated to achieve an arched, unreinforced masonry
footbridge (Block Research Group, 2021). The robotic arm
prefabrication ensured the stable condition of varying layer
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Printhead
WM

Fig. 10 The construction process of Wujiazhuang farmhouse: (a) The fabrication system; (b) Simultaneously printing of three
robotic arms; (c) Printing the arch roofs on site; (d) An exterior view of the farmhouse (modified from Professor Xu Weiguo’s Team
(2021)).

@ a ®) T ©

Fig. 11 Tecla project: (a) and (b) The printing process of the double-dome structure; (c) The finished double-dome of Tecla
(WASP Team, 2021; WASP, 2021).
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Table 5

3DCP technology recommendations for different building forms.

Building type Fabrication system

recommendation

Advantages Project examples

Low-rise building
clusters

In-situ printing with
mobile gantry printers

Single low-rise building
with a large footprint

Low-rise houses with
arch/dome shape

In-situ printing with
mobile robotic arms
In-situ printing with
mobile robotic arms

roofs

The bearing walls of low- Gantry printer in-situ
rise houses printing

Arch/vault bridges Robotic arm

prefabrication
Gantry printer
prefabrication
Robotic arm

prefabrication

Flat bridges

Complex pavilions/
irregular structures

Capability to print
several buildings
in-one-go

Flexibility to move inside
the building

Allowing separate
printing of walls and
roofs

High efficiency and the
capability to print in-
one-go

Projects 19, 21, and 23

Projects 1 and 36

Projects 34 and 35

Projects 6, 8, 9, and 22

Allowing varying layer Project 26
height printing
Simple manipulation Project 17

Allowing varying layer
height printing

Projects 28 and 33

height printing for this project, so every component of the
bridge can be printed precisely, quickly, and automatically.
Combined with a triangular tension system at the bottom
(Fig. 9b), a stable arched structure enables each concrete
block of the bridge to be fixed without binders. This also
means that Striatus is a structure that can be reassembled
and reused, and its processing and disassembly process can
significantly reduce the carbon footprint (Block Research
Group, 2021). The Intelligent Force Printing (Fig. 9c and
d) is a studio project of RMIT, printed in China by Fab-
Union, the design is based on the principle of three-
dimensional graphic statics, and a tension component sys-
tem is generated by the form-finding tool PolyFrame. The
feature of this system is that the prestress generated by
the stretching of nine rebars fixed inside the structure is
transformed into pressure, so as to squeeze and fix each
concrete block. Hence, except for the foundation, com-
ponents in the main structure can all be fixed by dry con-
nections (DigitalFUTURES world, 2021).

In short, both projects have adopted innovative struc-
tures to save materials during the assembly process. The
prerequisite of realizing this pressure-only structure is the
utilization of the varying layer height printing, which is
beyond the reach of all gantry equipment at present. That
is to say, the robotic arm prefabrication system is pio-
neering in the creation and improvement of 3DCP struc-
tures. Nonetheless, considering the sophisticated design
and construction procedure as well as the double cost of
the robotic arm compared to the gantry girder (Batikha
et al., 2022), such a fabrication approach may not be
suitable for market-oriented and large-scale constructions
so far. In addition, the robotic arm prefabrication system
still involves manual processes like scaffolding or setting up
supporting structures. Hence, although the robotic arm
prefabrication system has achieved promising results, the
in-situ assembly method that can really match this tech-
nology still needs further exploration.
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4.3. Intelligent construction

Type C projects are all in-situ printed architectural projects
with high scores in geometric complexity and tectonic
prospect. Different from Type B, these projects all include
habitable or usable indoor space, which presents cutting-
edge explorations in the field of 3DCP architecture. These
projects adopt different innovative construction strategies,
improving the intelligence and diversity of in-situ printing.
Although these projects have not yet achieved the com-
plete intelligence of the whole printing process, we can
sum up two development directions of intelligent con-
struction from their commonness.

The first direction is multi-equipment construction. In
the Wujiazhuang farmhouse project by the research team
at Tsinghua University, three robotic arms were mounted on
three parallel sets of X-axis tracks so that these robots
could work simultaneously without colliding with each
other (Fig. 10b). Additionally, a lifting platform with Y-axis
tracks was installed on the middle set (Fig. 10a and c),
expanding the robots’ range of movement in three-
dimensional space. WASP also used two sets of the hexag-
onal gantry printer in project Tecla (Fig. 11) to build a
double-dome structure. It is worth mentioning that the
printing paths of the two printing systems are intersectant,
namely, the printing time of each layer of the two robots
needs to be controlled very accurately to ensure that the
printed materials can be dropped on time and in position.
That kind of process has high requirements for the stability
of material delivery, precise localization of printers, and
the early-stage planning of the printing path to avoid
mutual collisions (Zhang et al., 2018). Thanks to these
synchronized modes, printers are no longer limited to their
reachable zone and can work together to improve the ef-
ficiency of the printing process.

The second direction is assembly-line construction. In
the Wujiazhuang farmhouse project, all building
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components are printed and assembled on-site by three
technical approaches. (1) The arch roof designed for on-
site hoisting breaks the limitation that the roof of a 3DCP
building needs to be reinforced or cast separately. That
significantly saves the construction time and human re-
sources brought by additional manufacturing and trans-
portation. (2) The information management is carried out
on the construction process of each printed component.
After the bearing walls were all printed, the flat roofs,
arch roofs, and decoration walls are printed in sequence in
the remaining space of the site (Fig. 10c), making full use
of the construction space. (3) The restriction that the
robot printer cannot mount hoppers above its printhead
(COBOD, 2018) is solved by the integrated equipment
platform (Fig. 10a). The platform is mounted on the tracks
with the robot so that the mixing and pumping system can
move synchronously with the robotic arm. Besides, the
pumping process becomes more stable since the relative
position between the robot and the pumping system is
fixed.

Admittedly, the development of intelligent construction
is still at the initial stage. On the one hand, at present, the
development of multi-equipment construction only allows
synchronized printing (all of the robots carry out the same
job) but it has not achieved equipment collaboration (ro-
bots have different divisions of job, such as intelligent
reinforcement, filling insulation materials, etc.), which can
minimize manpower and improve the safety of the con-
struction site. Additionally, due to the instability of the
pumping system and the uncertainty of the site environ-
ment, it is hard to ensure that robots can avoid colliding
autonomously, which requires an overall improvement of
the equipment’s ability to sense the environment and
control its own speed independently. On the other hand,
there is still some way to go to truly realize the assembly-
line construction. Since the bending moments of domes or
arch roofs are negligible, the printable covering structures
in the assembly line are all limited in these two types.
Nonetheless, the flat roofs and slabs cannot be realized by
unreinforced printing because the bending moments of
such structures are considerably high. Accordingly, it is
necessary to further improve the mechanical properties of
materials, optimize material processing methods, and
develop the algorithm to generate more printable structure
types.

5. Conclusion

The paper quantified and analyzed the workspace, geo-
metric complexity, and tectonic prospect of 42 3DCP pro-
jects, discussed the advantages, limitations, and potentials
of different 3DCP fabrication systems. Accordingly, a
recommendation about the fabrication system preferable
for different tasks is listed in Table 5. Considering the
features of these projects in the selection of robotic arm
prefabrication, gantry system prefabrication, robotic arm
in-situ printing, and gantry system in-situ printing, the
following conclusions can also be drawn.
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Firstly, robotic arm prefabrication can realize richer
structure forms and types, its 6-axis construction method is
quite similar to the principle of human processing, which
can realize personalized works with high quality and
craftsmanship. Although the current research outcomes
have not been popularized, the algorithm-based technolo-
gies, such as varying height printing and compression-only
structural generation, have the feasibility to move from the
laboratory to the practice. It is promising that various new
technologies will emerge from this construction method.

Secondly, the gantry system prefabrication is not domi-
nant among the four fabrication systems, its limitation lies
in that the 3-axis printing method can’t realize complex
geometric shapes, and the movement and flexibility of the
equipment are markedly restricted by the gantry frame.
Compared with the robotic arm, there are fewer architec-
tural and structural forms that can be realized by the
gantry system prefabrication. Meanwhile, it dismisses a
significant advantage of gantry printers that can print a
building efficiently and integrally on site.

Finally, in-situ printing can reduce the transportation
cost (Zhang et al., 2018; Souza et al., 2020), simplify the
assembly process and save human resources of a 3DCP
project, it is also the prerequisite for printing a building in
one go. Driven by the trend of equipment mobilization, both
the robotic arm and gantry printer developed maturely in
the field of in-situ printing. However, the development of in-
situ printing is still in the stage of repetition and producti-
zation, only a small group of research institutions are
exploring at the forefront. Admittedly, at this stage,
benefiting from the industrialized and modular assembly
mode, the gantry printer can realize mass production in the
horizontal space, becoming a more efficient in-situ con-
struction mode in the 3DCP construction market. Due to the
limitations in the vertical transportation system, material
stability, and inconstant site environment, the advantages
of flexibility of the robotic arm have not been fully exerted,
so there is no significant difference between the current
works of robotic arm in-situ printing and gantry system in-
situ printing. In the future, if we can break through the
above restrictions, the advantages of the robotic arm in
shaping and crafting will become more obvious, and it is
worth believing that more diverse and more technical
building types will be realized on site. In sum, in-situ
printing, especially robotic arm in-situ printing, is the sur-
est path for future 3DCP development.
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Appendix (A). List of 42 recorded projects

ID Name Printing Company/  Building Printing Printer  References
Research Group Type Environment Type
1 Office of Dubai Apis Cor 2-story building In-situ RA Harrouk (2019), Google
Municipality (2022€), and Pessoa et al.
(2021)
2 First Residential Apis Cor 1-story building In-situ RA Apis Cor (2017)
House
3 The BOD COBOD 1-story building In-situ GP COBOD (2019c) and Google
(2022j)

4 Copy BOD COBOD 1-story building Prefab GP COBOD (2019a)

5  Malawi 3D printed COBOD, Holcim 1-story building In-situ GP Holcim (2021)
school

6 KampC COBOD 2-story building In-situ GP COBOD (2020) and Google

(2022f)

7 Florida Storage COBOD, Printed 1-story building In-situ GP COBOD (2021)
Unit Farms

8 5 Apartments COBOD, PERI 3-story* building In-situ GP PERI Group (2020a), PERI Group
Building Group (2020b), and Gross (2021a)

9 Beckum House COBOD, PERI 2-story building In-situ GP PERI Group (2020c), PERI Group

Group (2021), Google (2022b), and
COBOD (2019b)
10 647 W 19th Street  COBOD, PERI 1-story building In-situ GP Habitat for Humanity (2021)
Residence Group, Habitat for and Candelaria (n.d.)
Humanity
11 2-story House COBOD, L&T 2-story building In-situ GP Facfox3d (2021)
Construction

12 3D Studio 2030 CyBe 1-story building In-situ RA Cybe (2019c)

13 Guard House La CyBe 1-story building In-situ RA Gross (2021b) and Cybe
Sphére Construction (2021)

14 MEET House Cybe 1-story building In-situ RA Cybe (2019a) and Google

(2022g)

15 R&Drone CyBe 1-story building In-situ RA Cybe (2019b) and Google
Laboratory (2022h)

16 3D Housing 05 CyBe 1-story building In-situ RA ARUP (n.d.) and Heidelberg

Cement Group (2018)
17 3D Printed Eindhoven Bridge Prefab GP Salet et al. (2018) and Pessoa
Concrete Bridge University of et al. (2021)
Technology
18 Project Milestone Eindhoven 1-story building Prefab GP Houben/Van Mierlo Architecten
University of (n.d.) and 3dprintedhouse
Technology (n.d.)

19 A Place to Call ICON Cluster of 10 In-situ GP Icon Technology (n.d.), New

Home 1-story buildings Story (2019), Google (2022k),
and Kamin (2021)

20 Barracks at Camp ICON 1-story building In-situ GP Icon Technology (n.d.), ICON -

Swift 3D Tech (2021), and Google
(2022a)

21 Community First! ICON Cluster of 6 In-situ GP ICON - 3D Tech (2019), Nielsen
Village — 1-story buildings (2020), and Google (2022c)
Homeless Housing

22 Community First! ICON 1-story building In-situ GP Icon Technology (n.d.), Nielsen
Village — Visitor (2019), and Google (2022d)
Center

23  East 17th Street ICON Cluster of 4 In-situ GP Icon Technology (n.d.) and East

Residences

2-story* buildings
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17th Street (2021)
(continued on next page)
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(continued)

ID Name Printing Company/  Building Printing Printer  References
Research Group Type Environment Type

24 The Chicon House  ICON 1-story building In-situ GP Icon Technology (n.d.) and

Saxton (2021)

25 Tvasta IIT-Madras 1-story building Prefab GP Tvasta (n.d.)

26 Striatus Block Research Bridge Prefab RA Block Research Group (2021),
Group, Zaha Hadid ETH Zirich et al. (2021), and
Architects, & ArchDaily (2022)
Incremental3D

27 Prvok Prvok 1-story building Prefab RA Prvok (2020)

28 Intelligent Force RMIT, Fab Union Architecture- Prefab RA DigitalFUTURES world (2021)
Printing scale

structure

29 Co-working Siam Cement 1-story building In-situ GP Everett (2021) and Hari (2021)
building Group

30 Triple S Siam Cement 1-story building Prefab DR AD Editorial Team (2018) and

Group Prasittisopin (2018)

31 Largest 3D printed SQ4D 1-story building In-situ GP SQ4D (2021a) and Gross (2021c)
home

32 Proof of Concept SQ4D 1-story building In-situ GP SQ4D (2021b)

Print
33 Guanlang Pavilion  TsingHua Pavilion Prefab RA Site visit; China Architecture
University News (2021)
34 Concrete Book TsingHua 1-story building In-situ RA Site visit; Han (2021)
Cabin University

35 Low-income TsingHua 1-story building In-situ RA Site visit; Weitzman School of
Housing in Africa University Design (2020) and Han (2020)

36 Wujiazhuang TsingHua 1-story building In-situ RA Site visit; Weitzman School of
Farmhouse University Design (2020) and Professor Xu

Weiguo’s Team (2021)

37 Baoshan TsingHua Bridge Prefab RA Site visit; Xu (2019) and Xu et
Pedestrian Bridge University al. (2020)

38 Rapidly Twente Additive 1-story building Prefab RA Twente Additive Manufacturing
Deployable Manufacturing (n.d.) and Twente Additive
Buildings Manufacturing (2020a)

39 The Fibonacci Twente Additive 1-story building Prefab RA Twente Additive Manufacturing
House Manufacturing (2020b), Twente Additive

Manufacturing (n.d.), Williams
(2021), and Airbnb (2021)

40 Tecla WASP 1-story building In-situ GP WASP (2021), WASP Team
(2021), and Google (2022i)

41 Beijing Urban and ~ WinSun 1-story building Prefab GP Site visit; WINSUN 3D printing
Architecture architecture (2021)

Biennale

42  YRYS Concept XTreeE Columns for a Prefab RA Gaudilliere et al. (2019)
House 2-story building

Note:

(1) The story number with a * means the last floor of the building is not constructed by 3DCP technology.
(2) In the 5th column, “In-situ” refers to in-situ printing, “Prefab” refers to prefabrication.
(3) In the 6th column, “RA” refers to robotic arms, “GP” refers to gantry printers, and “DR” refers to delta robots.
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