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3 ‘o Barriers and use cases of 3D Printing technologies
in the construction sector

In recent years, important changes have taken place in productive processes, not only from
a technical point of view (quality and productivity) but also in terms of environmental impact
(use of materials and energy, residue recycling, etc.) and the circular economy.

On the other hand, 3D printing based advanced manufacturing technologies are becoming
more relevant in all industrial sectors due to the immeasurable number of advantages
associated to these, such as: geometric and design freedom, cost reduction, minimising the
use of materials, reducing the time it takes to go to market or the great productive flexibility
they offer.

One of the sectors with the biggest potential in economies at a global level is the
construction sector. However, it is still one of the industries with the lowest productivity ratios
if compared to other industrial sectors and to the economy in general. In 1995 the
productivity of industry, construction and the economy in general were on a par, but as time
passed, the construction sector was relegated to last place with productivity ratios of around
60% compared to industry, and 70% compared to the economy in general.

180
MO
160
150
140
130
120
110

100

90

80
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

= \Whole economy = Construction Manufacturing Services Production

Source: ONS

Figure 1. Evolution of productivity in the construction sector (Source “ONS”)

In this scope, additive manufacturing has been identified as a valuable technology to
improve the capacities, productivity, and competitiveness in the sector, in contrast with
traditional manufacturing techniques, also known as subtractive manufacturing. In fact,
since 3D printing has a wide range of applications, the number of sectors in which the
technology is being integrated and applied to has grown significantly in recent years. Cost
reduction and technological developments have made it more viable commercially.
However, the construction sector, considered a very traditional one, has barely
implemented digital systems or technological developments.
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Within the construction processes that have been automated and made robotic, additive
manufacturing by means of 3D printing using various construction materials has spurred
great expectations in recent years due to its possibilities in terms of flexibility and speed.

Additive Manufacturing, commonly referred to as 3D Printing, can be defined as “the
process of joining materials to create an object from a 3D data model, generally layer by
layer, as an alternative to traditional subtractive manufacturing methods”1.

Basically, 3D printing in construction is computer design combined with processes of
extrusion and filling. The main materials used in 3D printing are concrete, plaster, hybrid
materials combined with different additives and fibres and ceramics.

Source: Apis Cor Source: WASP and Mario Cucinella Architects

Figure 2. Examples of 3D printing systems being applied in construction.

3D printing, or additive manufacturing, is a technology that dates back to the 1980s. From
the beginning, 3D printing has mainly been used in the manufacturing sector to produce
prototypes or pieces with a low production volume, small pieces, or complex designs?.

Manufacturing a three-dimensional model or prototype from a computer-assisted design by
adding layers of materials is now standard practice in many industries; from the aerospace

1 ASTM F2792-12a (2012), Standard Terminology for Additive Manufacturing Technologies.
2 B. Berman: “3-D printing: The new industrial revolution”. Business Horizons, 55 (2), 155-162, 2012.
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industry and architecture to medical and high-range manufacturing. The consulting firm
McKinsey has estimated that this technology could have an annual financial impact of 550
billion dollars by 2025. However, 3D printing in the construction sector is proving to be a
major challenge.

Even so, albeit to a smaller extent, additive manufacturing is also gaining traction in the
construction sector. The potential it has to improve current construction methods is
significant, and 3D printing in particular means there will be a radical change in construction
processes.

Reports show that 3D printing technology could bring about energy savings of up to 40%,
reduce construction costs from 50% to 70% and reduce labour costs from 50% to 80%.
Additionally, this technology could help to reduce the waste produced in construction
operations by up to 60%, which would have a positive impact on the sector’s financial
benefits and contribute towards sustainable development.

As mentioned, one of the most important benefits is the flexibility that these types of
solutions offer. They allow quick adaptation to new designs and therefore drastically reduce
the number of intermediate actions, from the BIM environment to construction. Another
benefit is the minimal amount of waste generated with these types of systems, and hence,
their consequent environmental advantages. Furthermore, as in the case raised in this
proposal, portable systems that enable on-site printing are available, this way reducing the
need for transport of pre-manufactured materials and increasing response speed. It is
therefore obvious that developing this technology would cover some of the construction
sector’s specific needs.

Because there are barely any economies of scale in additive manufacturing, this technology
is ideal for low-volume productions or mass customisation of finished components (millions
of dental implants and hearing aids have already been produced with this technology). Free
from the restrictions that traditional manufacturing imposes, additive manufacturing allows
designers to do things that were previously considered too financially complex to produce.
For instance, pieces can be produced in one single block, whereas before they would have
to have been produced separately and riveted, which was much more time consuming. It
also reduces material waste because it prevents rejections, which is important when it
comes to expensive materials such as titanium.

Nevertheless, 3D printing in the construction industry is still in the early stages of
development 3. There are limitations and issues involved, such as high costs, problem
solving difficulties (namely, poor quality surfaces with rough or thick releases, which
result in lower dimensional precision), and longer production time as the printing

3 The Application of 3D-Printing Techniques in the Manufacturing of Cement-Based Construction Products and Experiences
Based on the Assessment of Such Products. Guillermo Sotorrio Ortega, Javier Alonso Madrid, Nils O. E. Olsson and José
Antonio Tenorio Rios. Buildings, 2020
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speed is compromised by the scale. Thus, some of 3D printing’s obstacles developed
in this document are:
e Availability, standardisation, and certification of printing materials.
e Appropriate design methods to overcome the limitations of AM.
e High initial investment compared to other production methods.

e The existing legislation and the lack of a complete set of standards for 3D
printing, considering certification and regulation key elements.

In turn, despite all the benefits identified and several years having passed since the
beginning of additive manufacturing, its application in the construction industry has not yet
reached its true potential, with a low number of demonstration projects available. Though
they are detailed in the specific sections, some of the main reasons for this are*:

(1) Currently available 3D printing techniques have not been designed for
manufacturing large components.

(2) Limitations regarding the availability and knowledge of the development of printing
materials.

(3) Lack of availability of robust materials to make them industrially viable.
(4) The need to use reinforcing frames in many elements of construction.

(5) Lack of regulations.

(6) Financial aspects associated to the costs of the equipment (printers) needed.

(7) Need for specialised staff integrated in the sector.

The construction sector, often described as being a traditional one, has barely implemented
digital systems or technological developments.

Expanding the information of EU 5 reports, 3D printing involves integrating digital
manufacturing, new tools, new processes and abilities of its resources. Implementing 3D
printing in the construction industry is generating increasing attention from political leaders
and the industry. 3D printing makes it a “natural adjustment to construction”, as shown in
the table attached.

4 Hamidi, F., & Aslani, F. (2019). Additive manufacturing of cementitious composites: Materials, methods, potentials, and
challenges. Construction and Building Materials, 218, 582-609.

5 Integrating digital innovations in the construction sector, European observatory.



CHARACTERISTICS OF 3D PRINTING

Accurate production based on 3D models
generated by computer-aided design (CAD)

Creation of unique designs and shapes,
unattainable through conventional methods

Rapid and inexpensive realization of
complex designs

Autonomous production, with little human
involvement

Ability to use a range of materials, often
compound materials, for printing

Barriers and use cases of 3D Printing technologies

in the construction sector

CHARACTERISTICS OF CONSTRUCTION

Increasing reliance of architects and designers
on building information modeling (BIM)

Demand by construction clients for
tailor-made designs and customized solutions

Pressure to reduce costs and speed up delivery

Increased automation as contractors face a
shortage of skilled construction workers in
many countries

Use of a variety of building materials,
Including compound materials

Figure 3. Comparing the characteristics of 3D printing with traditional construction techniques (Source: BCG, 2018)

Application areas of 3D printing

Up to now, innovation in digital manufacturing has mainly taken place in the fields of design,
engineering, and in the operations and maintenance phases of construction. 3D printing
mainly exists in the real construction phase. In fact, printing has mostly been implemented
in (small scale) buildings, bridges, printed moulds, components, architectural models and
interior design. Two main work lines can also be distinguished: “In situ” printing and “pre-
manufactured” printing.

Table 1. Examples of application areas and 3D printing typologies.

Application Typology
area
Buildings Compact  single-family

houses; social housing,
office buildings

Examples

Yhnova Project in Nantes, France to
build social housing

Five 3D-printed houses Eindhoven,
the Netherlands

3D-printed building in Copenhagen,
Denmark

Dubai
building

Future Foundation office
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Bridges Bridges for pedestrians e 3D-printed footbridge in Madrid,
and cyclists Spain
Bridges e 3D-printed footbridge in

Amsterdam, the Netherlands

e 3D-printed bridge for cyclists in
Amsterdam, the Netherlands

Printed moulds Unique design and shape e Double curvature wall panel for the
(that is to say: non- London Crossrail Project

standard objects) e Hilo Project in Diibendorf,

Switzerland
Construction Facades, joints, e Steel mesh for the roof cover of the
components partitions, electrical Bevis Marks building in London
outlets
Architectural Small-scale models e Sagrada Familia, Barcelona, Spain
models . :
e 3D-printed wall in IKEA
e Omedelbar armchair or fabric
Interior design  Interior  design  and e 3D-printed wall decoration by
furniture Steelcase

¢ Eiffel chairs by Ventury

3D Printing projects applied to the construction sector

Several national and international initiatives focused on developing 3D printing systems
applied to the construction sector already exist. Despite the technology still being in its early
stages in the sector, and the fact that most of the applications have been concept tests, it
is expected to be used in a more generalised way in the coming years or decades.

For instance, the company Winsun Decoration Design Engineering constructs buildings and
houses with different prefabricated recycled concrete parts by using “Contour Crafting”.
With this technology, the company printed parts of a six-storey building and a villa type
house in Shanghai.

Another example of the possibilities this technique offers are the ten small houses built in
less than 24 hours by using prefabricated elements, according to Winsun.
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Total Kustom (TK) is a company based in the USA. In January 2015, its founder, Andrey
Rudenko, was able to produce a small concrete structure in the shape of a castle using a
custom-made 3D printer. He was later able to apply his technology to creating a hotel suite
in the Philippines. Though it has not been fully industrialised yet, Total Kustom attracts a
considerable amount of attention due to the qualty of its products
(http://www.totalkustom.com/).

A growing number of companies are entering the market. Created in 2016, Apis Cor recently
completed an administrative two-storey building for the City Council of Dubai. At a height of
9,5 meters and a surface area of 640 square meters, it is the biggest 3D-printed building to
date. Given the size of the project, a crane repositioned the multi-axis machine throughout

the entire process to complete the building’s different areas (https://www.apis-cor.com).

APISCOUR

APIS COR
Figure 4. Two-storey building printed in Dubai (Images courtesy of Apis Cor)

Dubai has committed to this technology and, in 2016, the government announced its 3D
printing strategy, which plans to have all new buildings constructed using this technology
by 2030 (https://ovacen.com/dubai-imprimir-3d-edificios).

The Italian company WASP developed a 3D printer called CRANE WASP and construction
processes based on the principles of the circular economy, to build 3D-printed houses with
reusable and recyclable, locally sourced, carbon neutral materials, adaptable to any climate
and context.

Figure 5. Eco-sustainable 3D-printed house - Tecla in Massa Lombarda (Ravenna, Italy) (Images courtesy of WASP)


http://www.totalkustom.com/
https://www.apis-cor.com/
https://ovacen.com/dubai-imprimir-3d-edificios
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Based in the Netherlands and founded in 2013, CyBe Construction is another pioneer of
robotic 3D printing. It has developed a modular system called “R 3Dp” based on a robot
with six axis that can print concrete at a speed of 200 mm/s. “RC 3Dp” is the mobile version,
mounted on rails. In 2017, the company used their 3Dp RC robot to print a research
laboratory in Dubai. Comprised of 27 separate elements and covering a surface area of 168
m?, it was completed in the space of three weeks (https://cybe.eu).

BetAbram (BA), based in Slovenia, is another company that has developed several
concrete printers. The structure of the printer is a gantry robot that moves on rails with a
load capacity of 100 kg (http://betabram.com/p3specs.html).

From the beginning, The University of Eindhoven has also been a pioneer, working with
contour crafting to make highly resistant concrete prefabs for civil construction.

The Olympus project (https://www.iconbuild.com/technology/space) that is being carried out
by the company ICON in collaboration with BIG studio and the NASA Marshall Space Flight
Center is worth highlighting. They are conducting printing and procedural trials using
materials resembling those found on lunar soil. These trials will help with the design,
development, and demonstration of prototypes for a possible large-scale additive
construction system that could print infrastructures on the moon in the future.

Figure 6. Olympus Project (Images courtesy of ICON)

Other interesting projects on this topic are the ones being carried out by the Institute of
Advanced Architecture of the University of Catalonia (www.iaac.net). For instance, the
Pylos project for optimising the mixture of the extruded material, the Mataerial project for
developing additives that help to solve the issue of gravity when printing on vertical walls,
and the innovative Minibuilders project, that uses small robots to build big structures.

Furthermore, the Dutch company MX3D plans to apply additive processes to build a
pedestrian footbridge over one of the Amsterdam canals.

10
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Figure 7. Pedestrian footbridge and concept test (Images courtesy of MX3D)

The following table gathers the most important entities working on 3D printing systems in
the construction sector.

Table 2. Relevant entities of 3D printing systems in construction

Entity’s web page Country
https://cobod.com/ Denmark
https://betabram.com/ Slovenia
https://cybe.eu/ The Netherlands
https://www.3dprintedhouse.nl/en/ The Netherlands
https://www.tue.nl/en/research/research- The Netherlands
groups/structural-engineering-and-design/3d-concrete-

printing/

https://www.vertico.xyz/ The Netherlands
https://mx3d.com/ The Netherlands
https://www.bam.com/en/press/press- The Netherlands

releases/2019/1/bam-and-weber-beamix-jointly-operate-
europes-first-industrial-3d
https://www.constructions-3d.com/ France

11
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https://xtreee.com/ France
https://www.lboro.ac.uk/enterprise/3dcp/ United Kingdom
https://www.bam.co.uk/media-centre/news-details/a- United Kingdom

world-first-the-first-fully-3d-printed-structurally-pre-
stressed-concrete-cycle-bridge-in-the-world

https://www.media.mit.edu/ USA
https://www.iconbuild.com/ USA
https://www.mudbots.com/ USA
http://www.totalkustom.com/ USA
https://www.apis-cor.com/ USA / Russia
http://contourcrafting.com/ USA
https://www.sg4d.com/ USA
https://www.apis-cor.com/ USA
https://dshape.wordpress.com/ USA
https://www.xtreee.eu/ France
https://www.constructions-3d.com/ France
https://www.3dwasp.com/en/ Italy
http://www.winsun3d.com/En/ China
https://www.twente-am.com/ Canada
https://3d.besix.com/ Dubai
https://www.14trees.com/ Africa
https://printedfarms.com/
https://bemore3d.com/language/en/home/ Spain
https://a3dprinter.es/ Spain
https://www.idonial.com/es/ Spain
https://www.cartif.es/ Spain
https://www.vias.es/ Spain
https://web.unican.es/ Spain
https://www.tecnalia.com/ Spain
https://www.placo.es/ Spain
https://www.ietcc.csic.es/es/ Spain
https://www.acciona.com/ Spain
http://atanga.net/ Spain
http://www.tpfingenieria.com/ Spain
https://www.ceit.es/ Spain
http://www.uned.es/ Spain
https://www.uc3m.es/Inicio Spain
https://www.upc.edu/es Spain
http://unicartagena.edu.co/ Spain
www.upm.es Spain

12
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https://www.uva.es Spain
www.upc.edu Spain
https://ovacen.com/hormigon-translucido/ Spain
https://www.upv.es/noticias-upv/noticia-12722-vigas- Spain

impresas-es.html

https://www.cementoscruz.com/ Spain

13
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One of the key aspects for the implementation of advanced additive manufacturing
technologies in the construction industry is to improve competitiveness and, in
conseqguence, to maximise the benefit-cost ratio.

In this scope, there is a range of technical aspects (shown as follows) related to the 3D
printing process that make these types of technologies financially competitive compared to
conventional constructive processes.

PROCESS
TIME

MULTI-MATERIAL
DEVELOPMENTS

WASTE AND
FORMWORK ENVIRONMEN
TAL IMPACT

PRODUCTION AND PROCESS
CONTROL STRATEGIES
MANUAL
OPERATIONS

SELECTION OF APPLICATION CASES

Figure 8. Key aspects for improving the benefit/cost ratio with 3D printing in construction.

Reduction of process times.

Originally, 3D printing was developed in the aim of reducing the time and costs needed to
develop prototypes. Decades ago, the limited amount of software tools available paralysed
the development of additive manufacturing. Nowadays, the assistance of advanced
production technologies, integrated in different kinds of robotic systems, allows working with
high production ratios, in turn minimising the total process times. Existing 3D printing
equipment for the construction industry are characterised by high process speeds, including
lineal drive speeds of up to 400m/h and volumes of up to 3m3/h of printed layers.

14
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Time of manufacturing
7 min

Figure 9. Detail of the productive speed of a large-scale Cartesian 3D printing system. (Source: IDONIAL)

Elimination or reduction of the use of formwork.

Intrinsic to additive manufacturing processes is the ability to create three-dimensional
elements from a digital file without needing to use moulds or tools. In the case of its
application in the construction industry, this translates to a drastic reduction in one of the
most laborious tasks in the sector, such as the manufacturing of moulds using formwork,
which collect the concrete / mortar during its initial setting process. The time required to
assemble and dismantle these structures is usually much longer than the time it takes to
pour the fresh material. The total or partial elimination of formwork drastically reduces the
process times, as well as the staff and material transport costs associated. Consequently,
this technology enables producing very complex structures at a lower cost and with less
waste, with the economic advantages that this entails.

Reduction of manual operations.

Large-scale 3D printing systems for construction are based on advanced robotic systems
that work semi-automatically. This significantly reduces manual operations and allows staff
to be assigned to different tasks, as well as reducing the process costs.

Figure 10. Conventional manual work (left). Automated 3D printing process (right). (Source: BeMore 3D)

15
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Waste reduction and environmental impact.

One of the aspects that characterises additive manufacturing is that the material is added
selectively to optimise the use of materials and energy sources. This way, waste production
and its consequent environmental impact is reduced.

Multi-material developments

3D printing processes allow the development of multi-material components in such a way
that it is possible to select in which parts or elements high added value and expensive
materials are included, and in which parts to integrate cheaper, recycled materials, etc.,
with consequent cost savings.

Production strategies and process control

3D printing technology makes designing and developing specific optimised productive
processes that reduce the process times and the use of materials and energy sources
possible.

Mass manufacturing of unigue pieces

Mass manufacturing of unique pieces, on demand or custom-made (mass customisation),
given that this technology makes adapting to geometric environmental conditions any extra
cost possible.

The financial and productivity benefits presented in the previous point have been studied
and evaluated at a pilot level, in the way presented as follows. In this case, a conventionally
manufactured and 3D-printed pillar and beam were analysed to compare the processes.

16
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CONVENTIONAL
PROCESS
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3D PRINTING

Poths definition

PROCESS
OPTIMISATION

Figure 11. Detail of a pilot study about the printing process of construction elements. (Source: IDONIAL)

This empirical analysis delivers positive results on the benefits that 3D printing has for the
construction sector and its positive impact on production costs. The following diagram
summarises the percentage differences between the conventional process and additive

manufacturing:

17
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Comparison of traditional process vs 3d printing (%)

m conventional pillar @ 3d-printed pillar m conventional o 3d-printed beam
beam

9]

Process time Staff involved Mass of formwork

Figure 12. Process benefits of additive and conventional manufacturing at a pilot level.

In the graph, aspects such as the reduction of process times by more than 80%, the
decrease of manual operations by more than 75% and, in this case, the reduction of the
use of formwork by 100% is made obvious.

18
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Regarding technologies of 3D printing systems, the printer itself and the printable materials
can be distinguished.

A 3D construction printer is basically an industrial robot: an electromechanical device
capable of carrying out determined tasks, according to previously programmed instructions.

Robots can be classified in various ways: by working environment (industrial or services);
or, more specifically, by application type (medical, educational, martial, domestic); how they
work (land, air, submarine, microgravity); whether they are fixed or mobile; their degree of
autonomy (remote controlled, semi-automatic, automatic); size (nanobots, microbots,
robots); type of programming or sensing, generation, etc.

In this context, we usually refer to industrial construction robots. These are normally semi-
automatic, fixed, land and large-scale robots. We can now classify the 3D printing systems
that are currently being developed for the construction sector according to their architecture
or geometry: Delta, Cartesian, Cylindrical, Spherical, Robotic Arm, Cables.

The different geometries affect their respective work volumes, which is why choosing one
type of architecture can be more suitable than another, depending on each case’s
requirements.
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Figure 13. Geometries used in 3D printing systems in construction and their respective work volumes.

Delta: uses three arms that move on vertical rails arranged in a triangular configuration.
This typology is currently in disuse within the 3D construction context.
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Figure 14. BigDelta WASP 12MT 3D Printer (model no longer being produced) by WASP (Source: WASP, Italy).

Cartesian: uses the Cartesian coordinate system to move on three orthogonal axis.

Figure 15. Cartesian printers from the 3DCons project (Spain) and the company IDONIAL (Spain).

Spherical: uses a spherical coordinate system to move.

Figure 16. Spherical type printer on mobile platform (with robotic arm attached) (Source: MIT, USA)

Cylindrical: uses the cylindrical coordinate system to move.
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Figure 17. CraneWASP printer (Source: WASP, Italy) and Apis Cor (Source: Apiscor, USA)

Robotic Arm: uses an articulated arm with various degrees of freedom (usually between 3
and 6).

Figure 18. MX3D printer using metal as printing material (Source: MX3D, Holland).

Cables: uses a cable system to move the print head.

Figure 19. Cable printer from the European R&D project H2020 HINDCON (Source: VIAS, Spain).
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Currently, several materials a being used for additive manufacturing

Plastic materials are still the most widely used materials in the additive manufacturing
framework (65% of pieces produced by AM). Resins are already present in 29% of 3D-
printed applications, due to their diversity and convenient implementation to the different 3D
printing processes.

3D PRINTING MATERIALS

Figure 20. Results of the evolution of use of materials in 3D Printing (Source: Deloitte).

One of these is ABS (Acrylonitrile Butadiene Styrene) filament, a thermoplastic polymer
used in so-called traditional 3D printing. It becomes liquid at a certain temperature which
makes it easy to extrude, and consequently, to recycle, without significant deterioration.
Though it is widely used in sectors such as the automotive sector due to its high impact
resistance, its use in the construction sector is limited because of the high cost of the
guantities used.

The same can be said for the other main actor of “traditional” 3D printing: PLA (Polylactic
Acid). PLA shares some of the properties of polyethylene, used to make packaging and
other similar elements. As it is a biodegradable polymer, it's more ecological than ABS,
though its resistance is not comparable.

Finally, other polymers such as PET (Polyethylene Terephthalate), a plastic that is also
used for packaging, or thermoplastic elastomers (TPE) made up of a wide group of
copolymers (and polymer mixtures), whose most important characteristic is their elasticity.
Similarly to PET, these plastics are currently used in the automotive and household
appliance industries.

Consequently, as they offer exceptional mechanical functions and performance, polymer
matrix composites have a high potential in additive manufacturing. Even so, these polymer
materials are not being widely accepted in the construction industry due to their cost and
structural limitations.

22



. Fm Barriers and use cases of 3D Printing technologies
Platforma Tecnoldgica Espatola in the construction sector

Polymers characteristically must be heated in order to become liquid and be extruded by
the additive manufacturing system. Hydraulic materials need water to become activated.
From the moment water is added, they have a working time in which they must be extruded,
and later poured and hardened.

Without a doubt, these are the most widely used materials for additive manufacturing in
construction nowadays. This is also the case in traditional construction. Their cost,
availability and capacities make them the easiest ones to implement.

Within these materials, concrete-based materials (mortars or micro-concretes), whether
they are developed “ad hoc” or already exist as commercial products with other uses, have
been the starting point for most construction related projects, either for fully or partially
completing housing, or for prefabricated elements.

Concrete (or micro-concrete in this case due to the size of the aggregate) is a material with
capacities that have been more than proven in the scope of construction. Its only limitation
is its performance to traction. Fibres can be added to the mixture to improve its mechanical
behaviour.

In this sense, the importance of the mixture and equipment’s design is emphasised. They
must meet workability requirements, as well as the layers being adhesive and having high
initial resistance to sustain the subsequent layers without collapsing.

Despite the challenges, the freedom of design, the absence of formwork and the ability to
build complex and lightweight structures are very promising advantages for this sector.

L

Figure 21. Element printed with concrete from the HINDCON project (Source: VIAS)

Similarly to concrete-based materials, plaster has been used in additive manufacturing
projects, mainly to print elements vertically and indoors. The great advantage of plaster is
being able to use the same printing systems as for concrete-based materials and use
plaster’s characteristics.
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Figure 22. Vertical printing on plaster from the 3DCONS Project (Source: VIAS)

It should also be noted within the sustainable materials that there are various projects
underway that have been printed with clay, even in conjunction with straw, managing to
print adobe. Clay printers, currently available on different scales, work very similarly to
mortar printers.

Additive manufacturing with metals shows excellent growth prospects. 3D metal printing is
a technology like laser sintering (SLS): printing is carried out from a metal powder and a
powerful laser device that joins the particles and finally, subjects them to a thermal
treatment. Several techniques are available to achieve this.

Generally, the metal pieces manufactured with 3D printing present a quality that is
comparable to conventional pieces. To obtain good results, controlling the porosity and the
micro-structure is crucial.

This technology has been used mainly in the aerospace industry because it enables the
pieces to be manufactured in a short time. In this context, for example, it's worth noting that
more than 50 000 pieces used in Boeing aircrafts have been produced with 3D printing.

Although it has advantages since the pieces have characteristics like those of castings,
these are lighter and cheaper when the pieces are very complex. However, depending on
the elements, the price can be very high. They are therefore not widely accepted in the
construction sector.
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Figure 23. Steel bridge printed in 3D by the company MX3D (Source: MX3D).

The development of mortars with geopolymeric binders (as an alternative to Portland
concrete) and low clinker content concretes are lines that are currently being developed
and that have a promising future, especially if the geopolymers can be obtained from
recycled or sustainable materials and, at the same time, comply with the precepts of the
circular economy. If they can simultaneously reduce CO. emissions derived of concrete
production, more environmentally friendly printing materials will be produced.

Furthermore, it has been shown that additive manufacturing technologies allow the
adaptation and combination of different materials.

Some interesting developments in the future could also be improving properties, both
organoleptic and with encapsulation systems that are, for example, antibacterial or antiviral,
and could be added to the mixtures with the appropriate technologies.

Therefore, more research is expected to be carried out in this area, generating great
challenges and opportunities in the construction sector.
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Figure 24. Amphora made with geopolymers and calcareous aggregate (Source: University of Cantabria)

Figure 25. Artificial reef made with low clinker content cconcrete and recycled glass (Source: University of Cantabria)
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The UNE-EN ISO/ASTM 52910:2020 standard for additive manufacturing is already
available. Design. Requirements, guidelines, and recommendations (ISO/ASTM
52910:2018). The UNE-EN ISO/ASTM 52910:2020 standard is applicable during the design
of this class of elements manufactured by any type of additive system. This document will
help to determine what design considerations could be used in a design project or how to
take advantage of the capacities of an additive manufacturing process.

ISO and ASTM International have jointly developed the Additive Manufacturing Standards
Development Framework which serves as a framework for the creation of new technical
standards in the field of 3D printing. UNE has adopted this standard into the national
catalogue, drawn up within this joint group: ISO/TC 261 Additive Manufacturing
(https://committee.iso.org/home/tc261) y ASTM F42 Additive Manufacturing Technologies
(https://www.astm.org/COMMITTEE/F42.htm).  This  document  establishes the
requirements, guidelines, and recommendations for using additive manufacturing
technology or 3D printing in the design of all kinds of products, devices, systems,
components or parts.

In September 2021, there were 19 ISO standards relative to additive manufacturing, and 36
more being prepared (https://www.iso.org/committee/629086/x/catalogue/).

The Spanish Technical Committee for Standardisation CTN 116 (Automated Industrial
Systems), belonging to the Spanish Association for Standardisation (UNE), is responsible
for standardisation in the field of additive manufacturing. Specifically, it works with reference
to the processes, terms and definitions, manufacturing systems (materials, hardware, and
software), test procedures, quality parameters, service contracts or any other type of
principle. The committee is also in charge of transposing the current ISO standards related
to these issues.

Table 3. Existing UNE regulations regarding Additive Manufacturing

Existing UNE regulations regarding Additive Manufacturing

UNE-CEN/TR/ISO/ASTM  52912:2020 (2020-11-01) Additive manufacturing. Design. Additive
manufacturing with functional gradient (ISO/ASTM/TR 52912:2020)

UNE-EN ISO/ASTM 52911-1:2020 (2020-10-28) Additive manufacturing. Design. Part 1: Metal powder
bed laser fusion. (ISO/ASTM 52911-1:2019).

UNE-EN ISO/ASTM 52900:2017 (2017-11-08) Additive manufacturing. General principles. Terminology.
(ISO/ASTM 52900:2015).

UNE-EN ISO/ASTM 52911-2:2020 (2020-10-28) Additive manufacturing. Design. Part 2: Polymer powder
bed laser fusion. (ISO/ASTM 52911-2:2019).

UNE-EN ISO/ASTM 52921:2017 (2017-05-31) Standardises terminology for additive manufacturing.
Coordinate systems and testing methods. (ISO/ASTM 52921:2013).

UNE-EN ISO/ASTM 52910:2020 (29/04/2020) Additive manufacturing. Design. Requirements, guidelines
and recommendations (ISO/ASTM 52910:2018)

UNE-EN ISO/ASTM 52901:2019 (08/05/2019) Additive manufacturing. General principles. Requirements
for buying AM parts. (ISO/ASTM 52901:2017).
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UNE 116005:2012 (2012-04-18) Manufacturing by adding layers of plastic materials. Additive
manufacturing. Test sample preparation.

UNE-EN ISO/ASTM 52950:2021 (21/04/2021) Additive manufacturing. General principles. Overview of
data exchange. (ISO/ASTM 52950:2021).

UNE-EN ISO/ASTM 52907:2020 (28/10/2020) Additive manufacturing. Raw materials. Methods to
characterise metal powders. (ISO/ASTM 52907:2019).

UNE-EN ISO/ASTM 52904:2020 (28/10/2020) Additive manufacturing. Process characteristics and
performance. Testing of metal powder bed melting process to meet critical applications. (ISO/ASTM
52904:2019).

UNE-EN ISO/ASTM 52903-2:2021 (31/03/2021) Additive manufacturing. Additive manufacturing of
plastic materials based on extrusion of materials. Part 2: Process equipment. (ISO/ASTM 52903-2:2020).

UNE-EN ISO/ASTM 52902:2020 (17/06/2020) Additive manufacturing. Testing artefacts. Evaluation of
the geometric capacity of additive manufacturing systems. (ISO/ASTM 52902:2019).

UNE-EN ISO 17296-3:2017 (2017-05-31) Additive manufacturing. General principles. Part 3: Main
characteristics and corresponding testing methods. (ISO 17296-3:2014).

UNE-EN 1SO 17296-2:2017 (2017-05-31) Additive manufacturing. General principles. Part 2: General
overview of processes and raw materials categories. (ISO 17296-2:2015).

UNE-EN ISO/ASTM 52903-1:2021 (19/05/2021) Additive manufacturing. Additive manufacturing of
plastic materials based on extrusion of materials. Part 1: Raw materials. (ISO/ASTM 52903-1:2020).

UNE-EN ISO/ASTM 52915:2020 (2020-10-28) Specification for additive manufacturing (AMF) file format.
Version 1.2. (ISO/ASTM 52915:2020).

UNE-EN ISO/ASTM 52942:2021 (31/03/2021) Additive manufacturing. Qualification principles. Qualified
machine operators for metal powder bed fusion machines and equipment used in aerospace applications.
(ISO/ASTM 52942:2020).

UNE-EN ISO/ASTM 52941:2021 (28/04/2021) Additive manufacturing. Performance and reliability of the
system. Standardised testing method for the acceptance of power bed fusion for metallic materials for
aerospace applications. (ISO/ASTM 52941:2020).

Construction and residential codes currently lack prescriptive requirements for 3D-printed
construction. Even the code requirements for concrete construction are not directly
applicable to concrete-based 3D-printed construction, as layer-upon-layer printed
manufacturing is not specifically covered by the concrete standards referenced in the
current codes.

Since there are no prescriptive code requirements for 3D-printed construction, each project
should be considered according to the materials and alternative methods provisions in the
code for evaluation and approval. This approach could allow approval of 3D-printed building
constructions, provided they are shown to meet the intent of the code provisions and provide
the quality, structural strength, fire resistance, durability and safety level prescribed by the
code.

In this context, it is interesting to consider the American certification company UL. UL started
to examine safety, durability and code compliance factors associated with the constructions
of 3D-printed buildings in 2017. This research created the basis for a 3D-printed building
construction evaluation methodology documented in the UL 3401 scheme. This
methodology determines that a manufacturers 3D printing equipment, additive
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manufacturing material (AMM), and the manufacturing process will consistently produce
building elements with properties that do not vary from the initially tested samples. While
developing UL 3401, work was carried out with construction authorities and the program
was discussed in the International Code Council (ICC) to guarantee that construction
authorities’ concerns were addressed.

UL 3401 methodology covers the evaluation of building structures and assembly such as
panels, walls, partitions, roofs, columns, and beams, manufactured using an additive
manufacturing or 3D printing method. UL 3401 evaluation creates the technical information
report necessary for evaluating if a 3D-printed construction element complies with a
determined construction code. The evaluation also determines if the key elements of
production adequately and consistently produce structures with properties equivalent to the
samples that were originally tested. These elements include 3D printing equipment;
manufacturing process; additive manufacturing materials (AMM); quality control
procedures; production records. The evaluation covers properties such as: mechanical
properties; fire performance; vapour, air and water barriers; thermal isolation; indoor air
quality; durability, integrity and performance before and after environmental exposure
conditions (UV exposure, water immersion and freeze-thaw cycles).

Finally, it should be mentioned that the 2021 edition of the International Residential Code
(IRC) includes an appendix on the construction of 3D-printed buildings
(https://codes.iccsafe.org/content/IRC2021P1/appendix-aw-3d-printed-building-
construction). It requires the buildings and structures totally or partially manufactured using
3D printing construction techniques to be designed, built and inspected in accordance with
UL 3401.
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In this section, the main challenges and limitations, as well as the current trends in 3D
printing, have been developed, compiled and summarised in order to obtain the main lines
of action, of interest to PTEC’s Additive Manufacturing (AM) work group.

In general, the new and disruptive nature of 3D printing as a technology is a key limiting
factor for its implementation. 3D printing in construction is an innovation, and like most
innovations, it follows the traditional development cycle, illustrated in the figure below. At
this moment, 3D printing stands between the demonstration phase and the initial stage of
the niche market phase. This means that the market is not yet fully ready, and the potential
of 3D printing still needs to be transmitted (some have safety concerns about 3D printing,
others are trying to refine their own 3D printing processes, including software and robotic
systems). Education around 3D printing concerns the clients and the users of this
technology, who need to adapt their behaviour and processes for it to reach its highest
potential. Finally, 3D printers require significant R&D and marketing efforts.
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Figure 26. Implementation of new 3D printing technologies (Source: Gartner, 2015)

The previous graph shows the implementation of new 3D printing technologies, and how
3D printing is currently hardly valued in the construction sector, even though it is currently
making huge progress in other areas.
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Several factors favour the implementation of 3D printing:

a. Political factors: Policies, and in some cases regulations and instruments, promote
the implementation of 3D printing in the construction sector.

b. Financial factors: as 3D printing technologies, materials and equipment develop,
their costs will decrease, and efficiency will improve. At the same time, 3D printing
could benefit from increased awareness and wider implementation in the
construction industry. Generally, this can lead to economies of scale and more R&D
investment in 3D printing.

c. Market demand factors: there is a wide scope of application with great advantages:
architects have more design options. It helps to address the issue of construction
labour shortages observed in many European countries; shortens the time of
execution; offers the ability to use recycled materials, this way reducing costs that
are getting increasingly higher for project owners (including government and
industry clients).

While the outlook seems quite positive, the 3D printing construction market continues to
move forward slowly and faces significant challenges.

Despite the surge that AM techniques are experiencing at the moment, and the significant
progress made in recent years, this technology still presents some limitations that bring
forward new challenges that must be dealt with now in order to keep improving and evolving
the process [1]-[3].

The construction sector is often reluctant to evolve technologically, which is one of its
greatest limitations. For this reason, as a more general challenge and in parallel with
improving these systems, an effort should be made to raise awareness on the progress and
advantages that these AM systems offer to construction.

A series of specific CHALLENGES are detailed below, based on the LIMITATIONS
identified. It should be noted that the list provided is based on the bibliographic review
resulting from the technological surveillance that the work group has been developing.
Among other sources, in addition to those cited, the European document ROADMAP was
consulted, in which the main lines of research on Additive Manufacturing (AM) are defined,
along with the contributions of the WG members, the research itself and the coordinating
team’s experience.

As it is a new technique that is in continuous development, regulations or standardisations
have still not been drawn up for the preparation of samples in trials (printing sheets, sawing,
etc.). Nor are there regulations for flexural or compression tests of printed materials, or for
their physical properties, such as porosity (apart from the US standard UL 3401).

Additionally, there is currently no standardisation for properties that mortars and concretes
must comply with in the fresh state in order to be printable (rheological properties, maximum
size of aggregate, start and finish time of setting, etc.), according to the different
characteristics the printing equipment presents, such as the pump used, the size of the
extruder, the use of worm drives, etc. [3].
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One of the fields in which there is much room for progress, especially when it comes to 3D
printing, is the elaboration of more environmentally-friendly and sustainable mixtures, using
recycled materials, whether in binders, aggregates, etc. [3].

Knowledge about the influence and interaction between the process and the material must
be enhanced in order to develop processes and materials adequate for achieving the quality
of the desired product (mixture, pumping, extrusion, spraying...).

It is interesting to investigate recycled materials and/or waste materials from other industrial
processes, and to reduce environmental impact they have.

One possibility could be to create a common library of printable materials, with a specific
and standardised characterisation for their use. Their different characteristics should include
composition, proportion, rheology, printing speed, flow rate, curing time, adhesion between
layers, material resistance...

One of the main constraints encountered when making structures printed by extrusion, is
the adhesion of the numerous layers that will be deposited until the construction elements
are formed. This causes the structures to present lower resistance in the grazing directions
and in the face of tensile stress [4]—-[6]. The challenge is to find more advanced formulations
and systems that improve this manufacturing characteristic, inherent to the technology.

Another major limitation, which is closely related to the previous one, is the structural
resistance that concrete presents without the incorporation of other elements, such as
reinforcements or fibres. Up to now, fibres have not yet been a thoroughly tested element
in 3D printing and, additionally, those that have been tested have not given the material the
flexural resistance necessary to substitute traditional reinforcements [7]—-[10].

Therefore, the reinforcements continue to be an essential structural element in the
manufacturing of any structure. This is a limitation, because although the printing system is
perfectly automated, the reinforcements are introduced manually, or placed automatically
at a later time [11], [12], but they are not incorporated in the printing process.

Recently, the inclusion of flexible steel and carbon cables has also been tested in small
laboratory samples [13]-[15] and a prototype that allows reinforcements to be introduced
as the printing progresses [16]. Despite these steps forward, these techniques have not yet
been applied to big structures outside of a laboratory.

Thus, a good research horizon that would represent great progress for this technology
would be to develop systems that allow the simultaneous incorporation of both the material
and the structural reinforcement itself, or, failing that, elements that fulfil that function.

Introducing this new technology involves simplifying the integration of AM systems in current
construction processes as much as possible, making them compatible and combining them
optimally.
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From this integration, it would be possible to implement important improvements to the AM
systems themselves, such as their maintenance, durability, efficiency, safety, speed, costs,
quality controls, precision, size, adaptability, cleanliness, etc.

In this sense, the automation provided by certain AM processes, combined with traditional
or current ones, could help to reduce costs and improve productivity.

Apart from offering more design freedom, additive manufacturing enables optimisation of
existing products, saving on materials, and improving their qualities thanks to the digitally
controlled design and manufacturing process. However, the finishings that are currently
achieved by using this technique are much rougher, coarser, and in most cases, require the
visible surfaces to be treated subsequently.

In the 21st century, image and aesthetics play a fundamental role in any sector. The
possibilities of AM in the construction market represent a qualitative leap in terms of design
guality and functionality.

Making user participation possible in the conception and design processes, where their
taste and needs are considered, will result in greater customer satisfaction.

Developing new modelling protocols incorporated into BIM systems, allowing easy and
simple implementation of construction systems and solutions chosen by the designer in the
production process is necessary, this way directly connecting the design phase with the
construction phase.

To achieve this, the different phases of construction must be integrated into a set of highly
compatible and versatile tools, capable of generating the necessary manufacturing
information, based on the digital model.

If this technology is to be aimed at structures of greater dimensions and heights, solving the
issue of having to make independent elements that are then assembled is key. Another
limitation that arises in AM in construction is 3D printers being the same size or bigger than
the items they print. The size of the printers that have been manufactured so far away from
the building scale needed, especially for big construction operations [17], [18].

With these systems, costs can be saved in the number of successive construction
processes, by unifying and overlapping tasks that are compatible.

By integrating different nozzles or systems that provide materials simultaneously, various
construction requirements can be solved in the same process, such as bearing capacity,
insulation, installations, or finishings.

In addition, the ability to manufacture with different materials in the same print would allow
implementing new construction processes, such as creating support elements with non-
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structural material, which could later be removed once the main material has hardened or
set.

At present, this technique has focused mainly on the development of vertical walls, mainly
intended for the construction of houses [18]. More research needs to be done on creating
structures with more complex shapes, such as internal cavities, overhangs, etc., that allow
the implementation of fillings such as provisional formworks or elements capable of
supporting themselves in the air after printing. These could be made with different materials,
such as sand, thixotropic mud, degradable materials, in the aim of achieving automated
placement and subsequent removal.

Developing new construction systems that allow the manufacturing of non-vertical elements
is a challenge for both building and civil construction. In building, it goes from manufacturing
slabs, even sloped covers, to premanufactured beam or tile systems, by post-tensioning or
incorporating resins or fibres. In civil construction, it involves manufacturing prefabricated
horizontal or linear elements to use in large construction works, such as bridges or other
civil infrastructures.

In summary, the main challenges can be categorised in three fundamental aspects:

1. Technical: In the current state of solutions development, there is still a lot of
technological development to make: We can mainly distinguish:

a. Design: At the moment, designs follow current construction parameters and
new tools and techniques have to be developed for this system. In addition,
structural problems and integration with the BIM system must be solved.

b. Materials: This is a very broad field to explore.

c. Software: Currently not developed for the needs of 3D printing in
construction

d. Hardware: There are different pieces of equipment and techniques, but there
are still many aspects to be resolved.

2. Market: As it is still in the early stages of commercialisation, it is necessary to
determine which exploitation routes and products are best, setting the real market
needs.

3. Contextual: Here, factors external to technology intervene, such as the
implementation of these techniques by developers, builders, architects, and people
at a political level, to offer solutions to the problems mentioned above. A highly
important factor is the applicable regulation.

The main TRENDS can be summarised in two big groups:

It is important to understand that to incorporate additive manufacturing in construction, new
construction systems must be developed, as well as modifying or adapting existing ones,
taking compatibility limitations into account. Within this general trend, several specific trends
have been identified:
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In order to optimize construction means, times and costs, it aims to implement additive
manufacturing methods for construction without storey limitation. To achieve this,
construction systems that make this possible must be developed or redesigned.

Premanufacturing has traditionally been one of the best alternatives to speed up work on
site, in addition to improving the quality of the parts due to rigorous quality controls that can
be carried out in conditions much more favourable to those on-site. With AM, on-site
premanufacturing makes sense, to improve both construction times and the quality of some
construction elements.

Civil construction work sometimes involves the construction of unique and expensive
elements, and on other occasions very simple and repetitive elements are produced. AM
can play an important role, both in obtaining complex and unigue elements and saving costs
when producing large volumes of identical parts.

This section defines the different production processes capable of fulfilling construction
needs by incorporating the possibilities of AM systems.

AM has great integrating capacity, from the initial conception stage to the end product. With
digital tools, it can be interrelated and interact in bidirectional flows throughout the process.

Itis obvious that AM is directly related to the automation of processes, increasing the quality,
precision and especially safety of construction in adverse conditions for humans.

Constructive systems based on AM can improve their results by incorporating collaborative
work, where the tasks can be carried out by the machine, the operator or both. This
optimises capacities, streamlines and improves the efficiency and safety of each task.
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Design freedom is one of the main advantages of AM. Without excessively increasing costs,
it can produce customised or unique elements in a serial manner, which allows
manufacturing of very complex or exclusive pieces in high quantities.
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For 3D printing with concrete-based materials to be widely used in the market, a lot more
research needs to be done to prove its technical and financial viability.

There is no universal printing system, as each one is designed for a specific application and
condition. The printing systems are very varied, and most are based on Cartesian systems,
robotic arms and solutions suspended by cables. Despite there being many initiatives that
have led to the development of numerous printing systems, the lack of consensus makes it
difficult for 3D printing to be implemented in the market in a generalised way. This is
because the market’'s highest priority is safety. As there is a lot of dispersion and these
issues are currently being studied, construction companies do not fully trust these systems
that only have prototypes to offer.

Research is especially necessary in the following areas:

e Development of specific and robust materials to make them industrially viable.
e Systematisation of both materials and available equipment, for a positive impact
on the application of these technologies in construction.
e Analysis of the existing legislation and work towards a complete set of standards for
3D printing, considering certification and standardisation key elements.
e Increase the number of commercialised success stories
On the other hand, at market level, the following points are important:
e More support to companies leading this technology.
Implementation by leading companies and architects.
More research on market products and needs.
Support at an institutional level.
Streamlining of rules and regulations.
Raise awareness to make the advantages of additive manufacturing to potential
clients well-known.
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