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Abstract

In this paper, the current state of the art of additive manufacturing (AM) in

the construction industry to manufacture on large scales is reviewed. The

central concept of AM was defined, and it has been highlighted in the large

use in several sectors. The main advantages that AM offers in the construction

industry were described with at the same time the most important challenges

that need to be addressed for real use. The main AM technologies solutions on

large scales were described from more compact solutions like gantry

technology to more flexible and free technology solutions. The choice of an

AM solution rather than another is closely linked to the materials to be used

and the building component to be built. Regarding materials, the research

focused on materials based on aggregates, metals, and polymers. The

application of AM in the construction field requires more studies and further

research.
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1 | INTRODUCTION

Additive manufacturing (AM) is defined by ISO/ASTM 529000:2015 as “the process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies”.1 Design,
production and assembly processes should be digitally controlled at least to some extent. The main characteristics are
then the use of an additive technology rather than subtractive one2 and the possibility to produce complex shapes and
geometries automatically through a 3D model without any tooling, mold and fixtures. As a consequence, it is possible
to create entirely new production methods and business strategies.3 AM has been used for years to build physical
prototype and progressively to build end-use parts for various industries, such as biomedical, aerospace, automotive,
microelectronics (MEMS), energy, consumer products up to reaching the construction sector.3,4 In recent years there
has been an increase in research on printing methods and developments that can be attributed to the several
advantages and opportunities that AM offers; regarding the construction field we can cite the following:
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• Automation of the construction process: AM allows for the fully automated fabrication of buildings or building
components, both on-site and off-site.3

• Freedom in geometries: with AM, it is possible to create complex and customizable shapes and geometries that would
be difficult and more expensive with traditional construction techniques.
AM (and structural optimization procedures) makes it possible to easily realize lightweight structures (material
minimization) whose geometry can be suitably designed to locally define its structural response.5

The potential of modeling and simulation software combined with the accuracy and freedom in geometry guaranteed
by AM leads to highly innovative structural and architectural solutions.4

• Gradation of material and element properties: variations within 3D elements (i.e., graded structures) can be produced
using AM techniques. Such differentiation within a building component can be realized either through the variation
of the geometry of a monolithic element or the pointwise variation of the material composition.4

• Functional and topological optimization of structural and non-structural components: it is easy to control the position
of materials and integrate functional details or openings for building services. Building components optimized for the
flux of force or for requirements of buildings physics can be realized with AM at the same cost as standard ones.5,6

• Reduction of material waste: AM allows for the reduction of formworks and supporting structures that corresponds to
up to 60% of the total cost.

• Safety in construction workplaces: AM can reduce the risk of injury and death on workplaces thanks to automation of
the construction process, the possibility of carrying out dangerous work without human intervention i.e., in case
of high scaffolding, aggressive environments or hard to reach positions.

In order to benefit from the advantages that AM can provide to the construction field, further studies on the available
AM technologies and materials suitable to be used are necessary. The most important challenges to deal with are the
following: the transfer of AM technologies from small to large scales, the need of new and diversified materials,
the development of constitutive models and computational processes apt to new design and structural optimization
techniques as well as new technological systems and innovative assembling methods, the definition of new professional
figures and of specific technical regulations and standardized quality processes.7,8 AM processes can be divided into
seven categories as described into ISO/ASTM 52900–2017: they are summarized in Table 1. The processes of Material
Jetting, VAT photopolymerization and Sheet Lamination are not mentioned in the table because there are no known
applications for the construction industry.

2 | AM TECHNOLOGIES APPLIED TO THE CONSTRUCTION INDUSTRY

AM systems have been developed mainly for small-scale applications and factory production. The buildings or building
components are often large and it is often necessary to realize them out of a controlled environment; some of AM
systems were adapted, which led to several different solutions. In fact, the greatest challenge facing additive construc-
tion is the transfer of AM technologies to large scale. In Table 2 the main AM solutions and principal projects currently
realized and under study for the construction industry, are summarized and classified according to material type, AM
processes and raw material.

In this section the current technological solutions for the construction field are described.

• Gantry system consists of a giant 3D printer where the printing head is attached on a movable frame that has three
degrees of freedom according to X, Y and Z axis in Cartesian coordinates. This solution is relatively cumbersome to
install. The main processes that are based on this system are material extrusion and binder jetting. Instead,
powder-bed fusion process is used for metals and polymers materials.

• Cable-suspended platform is alternative to gantry solutions where the transportability of the system is improved. This
system is composed by end-effector attached to an external frame through cables and its movement is controlled by
motors.8 With this solution it is possible to solve problems related to the size of the objects to be produced, which are
bound to the size of the printer. Moreover, cable robots are relatively inexpensive and are easy to disassemble,
transport and reassemble.41

• Swarm technique rejects the use of a single frame, in favor of several smaller mobile robots. This solution reminding
a swarm behavior, embraces the approach of collective work. One of the advantages of the swarm approach is the
total freedom during the construction and the need of no human physical intervention. Swarm approach is highly
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beneficial in extra-terrestrial environments like space, Moon or Mars because it is possible to arrive and built where
humans cannot.42

• Robotic arms are an efficient alternative solution to build buildings or components because each limb has six or
seven degrees of freedom and an only robotic arm can perform different tasks, also additive construction. Therefore,
it is possible to realize an entire building or its components with multi-purpose robotics solutions combined with
automated assembly solutions, using additive construction on-site and off-site or also prefabricated parts.

• Folding and self-assembly solutions is a combination of deployable or self-assembly design with AM technology
called Assembled Additive Manufacturing (AAM). It is possible to transform 3D structure into a 2D deployable
structure, increasing the manufacture speed. These types of applications and solutions adds to 3D space another
variable, the time. An object can be manufacture in 2D or 3D dimensions and later can transform its geometry over
in time.43

3 | MATERIALS

The choose of AM technology closely depends on the materials being handled. With regard to the materials used for
the construction industry this report focuses on aggregate-based materials, metals, polymers. A common example of
aggregate-based materials used in the construction field is concrete. The principal AM processes for printing concrete
are material extrusion and particle-bed processes but there are also other approaches like Smart Dynamic Casting and
different systems are used to integrate reinforcements to balance the low tensile strength of concrete. Regarding
material extrusion process there are specific characteristics necessary for concrete mixture to build a concrete
element.44 An important aspect for these processes is the filament size for the concrete extrusion.45 This process is
repeated to build layer by layer until the element is not complete. Post-processes can be necessary to increase strength
and durability of the printed element, examples are heat treatment and infiltration. The advantages of particle-bed
process consist in a more freedom of design because the non-bonded particles support the element to be built such as in
case of cantilever beam. The limit of particle-bed process is the size of the object. For structures based on aggregate-
based materials (i.e., concrete printed) is often important to use reinforced to improve their properties. There are several
systems of reinforcement and it is possible to rank them according to whether the reinforcement is external, internal
and whether it is installed after, during or before the deposition.

Regarding use the metals in AM there are steel, titanium, and its alloys, and also aluminum alloys, copper and
many other. The processes to print metal parts are powder-bed fusion and directed energy deposition. Powder-bed
fusion processes allow for high precision and geometry accuracy and, also, good mechanical properties. They are
mainly used to produce small parts.46 Direct Energy deposition is generally faster than powder-bed fusion and it can
manufacture larger elements. Moreover, it can be used to repair existing parts. In the production of metal objects AM, a
very low porosity is necessary that can be controlled calibrating input energy. Moreover, the microstructure and, hence,
the mechanical properties, are anisotropic. In most cases, the direction perpendicular to the plane of deposition is the
weakest.47 Instead, fatigue strength can worsen due to material defects like residual porosity and by a coarse surface
resulting from the layer-wise production process and it can be faced with post-manufacturing as heat treatments and
hot isostatic pressing. The surface roughness can be reduced by successive polishing or chemical treatments.

TABLE 2 Classification of several methods of reinforcement for structures or elements printed

Typology Matrix material Reinforced material

External reinforcement Concrete 3D Steel

Shotcrete concrete Steel

Internal reinforcement Lost formworks Concrete Steel

Temporary formworks Concrete 3D Steel

Internal reinforcement during the process Concrete 3D Steel

Fiber reinforcement Adding in mixture Concrete, raw earth Steel, carbon fiber, natural fiber

During the process Concrete, raw earth Steel, carbon fiber, natural fiber

Additively manufactured reinforcement Concrete 3D Steel WAAW
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Mechanical properties of 3D-printed metal parts and microstructure have been discussed in.46,47 The most important
aspects to improve and investigate the use of metal AM in construction field are topological and functional optimization
and improvements of metal AM techniques.

Polymers for AM can be found in the form of thermoplastic filaments, reactive monomers, resin or powder. The
AM processes to print polymers are principally two: material extrusion and powder-bed fusion. With the first
technology it is possible to manufacture small and large elements, instead with powder-bed fusion is possible to
manufacture small elements with a high accuracy.

4 | CONCLUSION

After describing all AM processes and solutions ever applied in the construction field, it is possible to get a complete
overview to compare them. With Gantry systems and cable-suspended systems one can print buildings in one piece but
the dimension of the object to be made depends on the size of the frame. Swarm systems is of great interest, but further
studies and research are necessary to obtain real applications; currently, they remain confined to the field of
experimental application. On the contrary, the use of robotic arms is upcoming in the construction industry because
the technology is mature enough; this process allows to combine different materials and to change shape and properties
during the construction process. Moreover, it is possible to combine the additive construction process with an
automated assembly of elements. Finally, folding and self-assembly is a promising technique to manufacture buildings
and building components, because the print into 2D dimensions is a proven technique; the possibility of self-assembly
and changing over in time is promising.

In conclusion, all these AM technologies can be used in the construction field, but the choice of one rather than
another should depend on the specific application, and the direction that this research field will take can hardly be
foreseen.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable; no new data were generated.

ORCID
Gerardo Arcangelo Pacillo https://orcid.org/0000-0002-0972-0587
Giovanna Ranocchiai https://orcid.org/0000-0002-9620-4870
Federica Loccarini https://orcid.org/0000-0002-1256-2620
Mario Fagone https://orcid.org/0000-0001-9636-8544

REFERENCES
1. UNI EN ISO. /ASTM 52900:2017 [Internet]. [cited 2020 Dec 25]. Available from: http://store.uni.com/catalogo/uni-en-iso-astm-52900-

2017
2. Tay YWD, Panda B, Paul SC, Noor Mohamed NA, Tan MJ, Leong KF. 3D printing trends in building and construction industry: a review

[Internet]. Vol. 12, Virtual and Physical Prototyping. Taylor and Francis Ltd.; 2017 [cited 2020 Nov 12]. p. 261–76. Available from:
https://www.tandfonline.com/doi/full/10.1080/17452759.2017.1326724

3. Gibson I, Rosen DW, Stucker B. Additive manufacturing technologies: rapid prototyping to direct digital manufacturing. US: Springer;
2010:1-459. http://link.springer.com/10.1007/978-1-4419-1120-9

4. Labonnote N, Rønnquist A, Manum B, Rüther P. Additive construction: state-of-the-art, challenges and opportunities. Autom Constr
2016;72:347-366.

5. Benedetti M, du Plessis A, Ritchie RO, Dallago M, Razavi SMJ, Berto F. Architected cellular materials: A review on their mechanical
properties towards fatigue-tolerant design and fabrication. Mater Sci Eng R Rep. 2021;144:1-20. https://doi.org/10.1016/j.mser.2021.
100606

6. Lowke D, Dini E, Perrot A, Weger D, Gehlen C, Dillenburger B. Particle-bed 3D printing in concrete construction—possibilities and
challenges. Cem Concr Res. 2018 Oct 1;112:50-65.

7. Delgado Camacho D, Clayton P, O'Brien WJ, et al. Applications of additive manufacturing in the construction industry—a forward-
looking review. Autom Constr. 2018 May 1;89:110-119.

PACILLO ET AL. 5

https://orcid.org/0000-0002-0972-0587
https://orcid.org/0000-0002-0972-0587
https://orcid.org/0000-0002-9620-4870
https://orcid.org/0000-0002-9620-4870
https://orcid.org/0000-0002-1256-2620
https://orcid.org/0000-0002-1256-2620
https://orcid.org/0000-0001-9636-8544
https://orcid.org/0000-0001-9636-8544
http://store.uni.com/catalogo/uni-en-iso-astm-52900-2017
http://store.uni.com/catalogo/uni-en-iso-astm-52900-2017
https://www.tandfonline.com/doi/full/10.1080/17452759.2017.1326724
http://link.springer.com/10.1007/978-1-4419-1120-9
https://doi.org/10.1016/j.mser.2021.100606
https://doi.org/10.1016/j.mser.2021.100606


8. Bosscher P, Williams RL, Bryson LS, Castro-Lacouture D. Cable-suspended robotic contour crafting system. Autom Constr. 2007 Nov 1;
17(1):45-55.

9. Khoshnevis B. Automated construction by contour crafting—related robotics and information technologies. Autom Constr. 2004;13(1):
5-19. https://doi.org/10.1016/j.autcon.2003.08.012

10. Nerella VN, Näther M, Krause M, Schach R. CONPrint3D: Beton-3D-druck als ersatz für den mauerwerksbau/CONPrint3D: 3D-
concrete-printing as an alternative for masonry. Bauingenieur. 2017;92(09):355-363. https://doi.org/10.37544/0005-6650-2017-09-39

11. Buswell RA, Leal de Silva WR, Jones SZ, Dirrenberger J. 3D printing using concrete extrusion: A roadmap for research. Cem Concr Res.
2018;112:37-49.

12. COBOD. - Modular 3D construction printers—3D printed buildings [Internet]. [cited 2021 Mar 24]. Available from: https://cobod.com/
13. Betabram.™. – Absolutely simple, fascinating and magical to use. [Internet]. [cited 2021 Mar 24]. Available from: https://betabram.com/
14. Duty CE, Kunc V, Compton B, et al. Structure and mechanical behavior of Big Area Additive Manufacturing (BAAM) materials. Rapid

Prototyp J. 2017;23(1):181-189. https://doi.org/10.1108/rpj-12-2015-0183
15. DUS Architects. 3DPRINTCANALHOUSE [Internet]. [cited 2021 Feb 23]. Available from: https://3dprintcanalhouse.com/
16. Prima pagina. - BLB [Internet]. [cited 2021 Mar 24]. Available from: https://blbindustries.se/
17. Stampanti. 3DjWASPjAzienda leader nel settore della stampa 3D [Internet]. [cited 2021 Feb 22]. Available from: https://www.

3dwasp.com/
18. Kawamura S, Choe W, Tanaka S, Pandian SR. Development of an ultrahigh speed robot FALCON using wire drive system. Proceedings -

IEEE International Conference on Robotics and Automation. 1995;215-220. http://ieeexplore.ieee.org/document/525288/
19. Spiderbot. - Bengineering [Internet]. [cited 2021 Mar 21]. Available from: http://www.bnpeters.com/spiderbot.html
20. Sky Printer. - Prototyping an adaptable large-scale 3D-printer: 12 Steps (with Pictures)—instructables [Internet]. [cited 2021 Mar 21].

Available from: https://www.instructables.com/Sky-Printer-Prototyping-An-Adaptable-Large-Scale-3/
21. Minibuilders. [Internet]. [cited 2021 Feb 22]. Available from: http://robots.iaac.net/#process
22. MIT Media Lab. Overview mediated matter [Internet]. [cited 2021 Mar 21]. Available from: https://www.media.mit.edu/groups/

mediated-matter/overview/
23. Hunt G, Mitzalis F, Alhinai T, Hooper PA, Kovac M. 3D printing with flying robots. Proceedings - IEEE International Conference on

Robotics and Automation. Institute of Electrical and Electronics Engineers Inc. 2014;4493-4499. http://ieeexplore.ieee.org/document/
6907515/

24. Howe AS, Wilcox B, McQuin C, Mittman D, Townsend J, Polit-Casillas R, et al. Modular additive construction using native materials.
In: Earth and Space 2014: Engineering for Extreme Environments—Proceedings of the 14th Biennial International Conference on
Engineering, Science, Construction, and Operations in Challenging Environments. American Society of Civil Engineers (ASCE); 2014:
301–312. https://doi.org/10.1061/9780784479179.034

25. Keating SJ, Leland JC, Cai L, Oxman N. Toward site-specific and self-sufficient robotic fabrication on architectural scales. Sci Robot.
2017;2(5):eaam8986. https://robotics.sciencemag.org/content/2/5/eaam8986

26. ROB Technologies. [Internet]. [cited 2021 Feb 22]. Available from: https://rob-technologies.com/
27. Gramazio Kohler Research. [Internet]. [cited 2021 Feb 22]. Available from: https://gramaziokohler.arch.ethz.ch/
28. ITEjShotcrete. 3D Printing of a double curved reinforced concrete wall [Internet]. [cited 2021 Mar 24]. Available from: https://www.tu-

braunschweig.de/brics/aktuelles/ite-shotcrete-3d-printing-of-a-double-curved-reinforced-concrete-wall
29. XtreeE. jThe large-scale 3D [Internet]. [cited 2021 Mar 24]. Available from: https://xtreee.com/
30. CyBe Construction. We redefine constructionj[Internet]. [cited 2021 Mar 24]. Available from: https://cybe.eu/
31. 3D Apis CorjUnited States. Printed Homesj[Internet]. [cited 2021 Mar 24]. Available from: https://www.apis-cor.com/
32. homejvertico. jconcrete printing [Internet]. [cited 2021 Mar 24]. Available from: https://www.vertico.xyz/
33. Arup. Printing a 3D concrete house: is this construction's digital future? [Internet]. [cited 2021 Mar 24]. Available from: https://www.

arup.com/projects/3d-printed-concrete-house
34. BRANCH TECHNOLOGY. [Internet]. [cited 2021 Feb 23]. Available from: https://www.branch.technology/
35. Ai Build. - Homepage [Internet]. [cited 2021 Feb 23]. Available from: https://ai-build.com/
36. Gardiner JB, Janssen S, Kirchner N. A realisation of a construction scale robotic system for 3D printing of complex formwork. In: ISARC

2016-33rd International Symposium on Automation and Robotics in Construction. International Association for Automation and Robot-
ics in Construction I.A.A.R.C); 2016;515–521. https://doi.org/10.22260/ISARC2016/0062

37. CEADjComposite Additive Manufacturing. Gantry based solutions [Internet]. [cited 2021 Mar 24]. Available from: https://ceadgroup.
com/solutions/gantry-based-solutions/

38. The Radiolaria Pavilion. jD-shape [Internet]. [cited 2021 Feb 22]. Available from: https://d-shape.com/portfolio-item/public/
39. Arup. Additive Manufacturing in Construction & Engineering [Internet]. [cited 2021 Mar 24]. Available from: https://www.arup.com/

projects/additive-manufacturing
40. MX3D. [Internet]. [cited 2021 Feb 23]. Available from: https://mx3d.com/
41. Gorman JJ, Jablokow KW, Cannon DJ. The cable array robot: theory and experiment. In: Proceedings 2001 ICRA. IEEE International

Conference on Robotics and Automation (Cat. No. 01CH37164); May 21–26, 2001; Seoul, South Korea: IEEE; 2001:2804–2810. https://
pennstate.pure.elsevier.com/en/publications/the-cable-array-robot-theory-and-experiment. (Accessed February 22, 2021).

6 PACILLO ET AL.

https://doi.org/10.1016/j.autcon.2003.08.012
https://doi.org/10.37544/0005-6650-2017-09-39
https://cobod.com/
https://betabram.com/
https://doi.org/10.1108/rpj-12-2015-0183
https://3dprintcanalhouse.com/
https://blbindustries.se/
https://www.3dwasp.com/
https://www.3dwasp.com/
http://ieeexplore.ieee.org/document/525288/
http://www.bnpeters.com/spiderbot.html
https://www.instructables.com/Sky-Printer-Prototyping-An-Adaptable-Large-Scale-3/
http://robots.iaac.net/#process
https://www.media.mit.edu/groups/mediated-matter/overview/
https://www.media.mit.edu/groups/mediated-matter/overview/
http://ieeexplore.ieee.org/document/6907515/
http://ieeexplore.ieee.org/document/6907515/
https://doi.org/10.1061/9780784479179.034
https://robotics.sciencemag.org/content/2/5/eaam8986
https://rob-technologies.com/
https://gramaziokohler.arch.ethz.ch/
https://www.tu-braunschweig.de/brics/aktuelles/ite-shotcrete-3d-printing-of-a-double-curved-reinforced-concrete-wall
https://www.tu-braunschweig.de/brics/aktuelles/ite-shotcrete-3d-printing-of-a-double-curved-reinforced-concrete-wall
https://xtreee.com/
https://cybe.eu/
https://www.apis-cor.com/
https://www.vertico.xyz/
https://www.arup.com/projects/3d-printed-concrete-house
https://www.arup.com/projects/3d-printed-concrete-house
https://www.branch.technology/
https://ai-build.com/
https://doi.org/10.22260/ISARC2016/0062
https://ceadgroup.com/solutions/gantry-based-solutions/
https://ceadgroup.com/solutions/gantry-based-solutions/
https://d-shape.com/portfolio-item/public/
https://www.arup.com/projects/additive-manufacturing
https://www.arup.com/projects/additive-manufacturing
https://mx3d.com/
https://pennstate.pure.elsevier.com/en/publications/the-cable-array-robot-theory-and-experiment
https://pennstate.pure.elsevier.com/en/publications/the-cable-array-robot-theory-and-experiment


42. Thangavelu M, Khoshnevis B, Carlson A, Leach N. Architectural concepts employing co-robot strategy and contour crafting technologies
for lunar settlement infrastructure development. AIAA SPACE Conference and Exposition. 2012;2012.1–29. https://doi.org/10.2514/6.
2012-5173

43. Ryan KR, Down MP, Banks CE. Future of additive manufacturing: Overview of 4D and 3D printed smart and advanced materials and
their applications. Chem Eng J 2021;403:1–19.

44. Lim S, Buswell RA, Le TT, Austin SA, Gibb AGF, Thorpe T. Developments in construction-scale additive manufacturing processes.
Autom Constr. 2012 Jan 1;21(1):262-268.

45. Mechtcherine V, Nerella VN. 3-D-Druck mit Beton: Sachstand, Entwicklungstendenzen, Herausforderungen. Bautechnik. 2018;95(4):
275-287. https://doi.org/10.1002/bate.201800001

46. Herzog D, Seyda V, Wycisk E, Emmelmann C. Additive manufacturing of metals. Acta Mater. 2016;117:371-392. https://doi.org/10.1016/
j.actamat.2016.07.019

47. Frazier WE. Metal additive manufacturing: A review. J Mater Eng Perform. 2014;23(6):1917-1928. https://doi.org/10.1007/s11665-014-
0958-z

How to cite this article: Pacillo GA, Ranocchiai G, Loccarini F, Fagone M. Additive manufacturing in
construction: A review on technologies, processes, materials, and their applications of 3D and 4D printing. Mat
Design Process Comm. 2021;1–7. https://doi.org/10.1002/mdp2.253

PACILLO ET AL. 7

https://doi.org/10.2514/6.2012-5173
https://doi.org/10.2514/6.2012-5173
http://doi.wiley.com/10.1002/bate.201800001
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1007/s11665-014-0958-z
https://doi.org/10.1002/mdp2.253

	Additive manufacturing in construction: A review on technologies, processes, materials, and their applications of 3D and 4D...
	1  INTRODUCTION
	2  AM TECHNOLOGIES APPLIED TO THE CONSTRUCTION INDUSTRY
	3  MATERIALS
	4  CONCLUSION
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


