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Abstract

This scoping review explores the role of 3D printing technology in the construction industry, focusing on its impact
on design innovation and waste reduction. Covering research published between 2010 and 2024, this study
systematically maps existing literature to identify key trends and assess the practical implications of 3D printing in
addressing material waste and design limitations. The review synthesises findings from peer-reviewed articles,
industry reports, and case studies retrieved from databases such as Scopus. Expected findings include significant
advancements in design flexibility and sustainability, as well as identifying research gaps and future directions. The
insights provided will be valuable for construction professionals, researchers, and policymakers seeking to leverage

3D printing for improved construction practices.
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1. Introduction

The construction industry faces significant challenges
related to material waste, inefficiencies, and limitations
in design flexibility (Adaloudis & Roca, 2021). As
demands for sustainable building practices increase,
professionals are turning to emerging technologies to
address these issues. Among these, 3D printing has
emerged as a transformative tool with the potential to
revolutionise the industry (Berman, 2017). This
scoping review explores how 3D printing influences
design innovation and waste reduction within the
construction sector. Through a comprehensive
synthesis of existing research, industry reports, and
case studies, this paper maps the current body of
knowledge. It identifies key trends and gaps in the use
of 3D printing in construction.

3D printing technology allows for the automation of
building construction, reducing reliance on traditional
labour-intensive methods (Chen et al., 2023). This shift
towards digital fabrication enhances efficiency,
accuracy, and customisation, making it possible to
create complex architectural structures that would
otherwise be cost-prohibitive. The ability to print
structures layer by layer minimises waste and optimises
the use of materials, significantly contributing to
sustainable construction practices.

Additionally, 3D printing plays a critical role in
addressing the global housing crisis by enabling rapid
and cost-effective construction of homes. Several pilot
projects worldwide have demonstrated the feasibility of
3D-printed buildings as a solution for low-cost housing
and disaster relief shelters (Garg et al.,, 2023) By
reducing construction time and costs, 3D printing offers
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an innovative approach to solving housing shortages in
urban and rural areas.

The integration of 3D printing with other emerging
technologies, such as artificial intelligence (Al) and
robotics, further expands its potential applications. Al-
driven optimisation of print paths and automated
quality control mechanisms enhance precision and
consistency in construction (Gebler, 2014). Moreover,
advancements in material science are paving the way
for the use of eco-friendly and high-performance
construction materials, strengthening the durability and
sustainability of 3D-printed structures (Hager et al.,
2016). Despite its numerous advantages, challenges
remain in fully integrating 3D printing into mainstream
construction. Regulatory barriers, high initial
investment costs, and the need for skilled labour in
operating and maintaining 3D printing equipment
present obstacles to widespread adoption (Hamid et al.,
2013). Nevertheless, ongoing research and industry
collaborations continue to drive progress in
overcoming these challenges, making 3D printing an
increasingly viable and promising solution for the
future of construction.

Purpose of the Review

The primary purpose of this review is to systematically
map and assess the role of 3D printing in the
construction industry, focusing on two key aspects:

1. Design Innovation: How 3D printing is
enabling greater flexibility in architectural
design, enhancing aesthetic and functional
capabilities (Hossain et al., 2020).

2. Waste Reduction: How 3D printing
contributes to sustainable practices by


mailto:thalenten@dut.ac.za

Nkosi et al. / CBPM 2025 Conference Proceedings

minimising material waste during
construction processes (Hamid et al., 2013).

The objective is to provide a comprehensive overview
that can guide construction  professionals,
policymakers, and researchers in understanding the
potential of 3D printing technology.

2. Literature Review

2.1. Evolution of 3D Printing in Construction
The concept of 3D printing, also known as additive
manufacturing, has its roots in the 1980s when it was
primarily used for rapid prototyping in manufacturing
industries (Berman, 2017). Over time, advancements in
digital fabrication technologies have allowed for the
expansion of 3D printing into large-scale applications,
including the construction industry (Adaloudis & Roca,
2021). Unlike traditional subtractive manufacturing
methods, which involve cutting and shaping materials,
additive manufacturing builds structures layer by layer,
significantly reducing material waste and allowing for
greater design flexibility (Hossain et al., 2020).

Research indicates that 3D printing in construction
gained momentum in the early 2000s when various
academic and industrial projects began experimenting
with automated construction processes (Shuaib et al.,
2023). Initial breakthroughs included Contour Crafting,
a robotic construction system developed to print
building structures using concrete-based materials.
Since then, 3D printing has evolved to incorporate
advanced robotics, computational design, and artificial
intelligence, making it a viable alternative to
conventional construction methods (Chen et al., 2023).

2.1.1. Design Innovation through 3D Printing
One of the most significant advantages of 3D printing
in construction is its ability to enable innovative
architectural designs that were previously difficult or
impossible to achieve using conventional techniques
(Hossain et al., 2020). By utilising parametric design
and computational modelling, architects and engineers
can create highly complex and customised structures
with enhanced aesthetic and functional properties
(Olawumi et al., 2023).

2.1.2. Customisation and Complex Geometries
Traditional construction methods often rely on
standardisation and prefabrication to ensure efficiency
and cost-effectiveness. However, this standardisation
limits design flexibility, as intricate and organic
geometries are difficult to produce using conventional
materials and construction processes (Hossain et al.,
2020). 3D printing allows for the creation of highly
customised building components, optimising both
structural performance and design uniqueness.

For instance, research by Gebler, (2014) highlights how
3D printing can be wused to create free-form
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architectural elements, including curved walls, lattice
structures, and biomimetic facades. These forms are not
only visually striking but also functionally superior, as
they can enhance natural ventilation, daylight
penetration, and thermal insulation.

2.1.3. Integration with Computational Design and
Al

The integration of 3D printing with artificial
intelligence (AI) and machine learning has further
expanded its capabilities in construction (Olawumi et
al., 2023). Al-driven generative design allows
architects and engineers to explore a vast range of
design options and optimise structures for weight
reduction, load distribution, and material efficiency
(Panda et al., 2023).

Machine learning algorithms can also improve the
accuracy and reliability of 3D printing by analysing
real-time data from sensors embedded in construction
robots. This ensures precise layer deposition, reduces
errors, and enhances overall build quality. Additionally,
Al-based predictive modeling helps optimise material
usage, reducing waste and improving sustainability
outcomes (Robayo-Salazar, 2023).

2.14. Waste Reduction and Sustainable Practices
The construction industry is one of the most significant
contributors to global waste, with an estimated 35% of
all materials used in building projects ending up as
waste (Shuaib et al., 2023). 3D printing has been
identified as a promising solution to this issue due to its
ability to minimise waste generation through controlled
material deposition.

2.1.5. Material  Efficiency and  Sustainable
Construction

Unlike conventional construction methods, which
involve  cutting, moulding, and assembling
prefabricated materials, 3D printing builds structures
directly from digital models, reducing the need for
excessive material handling and processing (Olawumi
et al., 2023). The process of additive manufacturing
ensures that only the required amount of material is
used, minimising waste and optimising resource
utilisation.

Research by Tay et al., (2017) indicates that 3D printing
can also enhance sustainability by incorporating
alternative construction materials such as recycled
concrete, geopolymer cement, and bio-based
composites. These materials not only reduce
environmental impact but also improve the durability
and thermal performance of 3D-printed structures.

2.1.6. Circular Economy in Construction
3D printing aligns with the principles of the circular
economy by promoting material reuse and reducing
reliance on virgin raw materials. Studies have explored
the potential of repurposing construction and
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demolition waste (CDW) as a feedstock for 3D printing
(Gebler, 2014). By converting waste materials into
printable building elements, 3D printing helps close
material loops and reduce landfill waste.

2.1.7. Challenges and Barriers to Adoption
Despite its numerous advantages, 3D printing in
construction still faces several challenges that hinder
widespread adoption.

2.1.8. Regulatory and Standardisation Issues

One of the primary barriers to the adoption of 3D
printing in construction is the lack of standardised
regulations and building codes for 3D-printed
structures (Gebler, 2014). Since 3D printing is a
relatively new technology, many construction
authorities have yet to establish comprehensive
guidelines for ensuring the safety, durability, and
compliance of printed buildings.

Studies indicate that regulatory uncertainty creates
hesitancy among construction firms and investors,
limiting the large-scale implementation of 3D printing
(Berman, 2017). Addressing these challenges requires
collaboration between researchers, policymakers, and
industry stakeholders to develop standardised testing
protocols and certification systems for 3D-printed
buildings.

2.1.9. Cost and Scalability Concerns

While 3D printing has the potential to reduce labour
and material costs in the long run, the initial investment
required for purchasing and maintaining 3D printing
equipment remains high (Berman, 2017). The cost of
large-scale 3D printers, high-performance printing
materials, and specialised software can be prohibitive
for small and medium-sized construction firms.
Moreover, scalability remains a challenge, as current
3D printing technologies are primarily suited for small
to medium-sized projects. Large-scale infrastructure
projects, such as high-rise buildings and bridges,
require further technological advancements to make 3D
printing a viable construction method (Chen et al.,
2023).

2.1.10. Skilled Workforce and Training Needs

The successful implementation of 3D printing in
construction requires a workforce with expertise in
robotics, computational design, and material science
(Nadal et al.,, 2017). However, there is currently a
shortage of skilled professionals who possess the
necessary knowledge to operate and maintain 3D
printing systems.

To address this gap, educational institutions and
industry stakeholders must invest in training programs
and curricula that focus on digital fabrication, Al-
driven construction, and sustainable material
innovation (Olawumi et al., 2023). Building a skilled

workforce will be crucial for the future integration of
3D printing in mainstream construction practices.

2.2, Future Directions and Research Gaps
While existing research has demonstrated the potential
of 3D printing in construction, several areas require
further exploration to enhance its effectiveness and
applicability:

e Advancements in printable materials:
Research on sustainable, high-performance

materials  suitable for 3D  printing
applications.
e Hybrid construction techniques:

Combining 3D printing with traditional
methods to optimise construction speed, cost,
and structural integrity.

e Automation and robotics: Developing fully
automated 3D printing systems that require
minimal human intervention.

e Lifecycle analysis: Investigating the long-
term durability, maintenance requirements,
and environmental impact of 3D-printed
buildings.



Nkosi et al. / CBPM 2025 Conference Proceedings

29

Identification of studies via databases

Records excluded**
(n=28)

Reports not retrieved
(n=8)

A4

Studies included in review
(n=19)

—
c
2
®
o Records identified from*:
s Databases (n = 62)
o
-
—
— l
Records screened R
(n=62)
Reports sought for retrieval
= (n=34)
=
3
; I
%3
»n
Reports assessed for eligibility
(n=26) >

Reports excluded:
Reason 1 (n=7)

Figure 1: PRISMA Model

3. Research Methodology

A scoping review was chosen as the method for this
study because it allowed for a comprehensive
exploration of the research landscape, accommodates
diverse study designs, identifies gaps and opportunities,
facilitates knowledge translation, and contributes to the
advancement of construction management education in
the context of Industry 4.0 (Nkosi, 2024). By
examining a broad range of literature, this review aimed
to provide a comprehensive analysis, identify trends
and challenges, and offer recommendations for future
research and improvement in educational practices. The
study sought to provide a comprehensive overview that
can guide construction professionals, policymakers,
and researchers in understanding the potential of 3D
printing technology.

A systematic approach will be employed to gather and
analyse sources. The review will utilise the following
steps:

1. Literature Search: A wide range of sources,
including peer-reviewed articles, conference
papers, industry reports, and case studies, will
be searched across academic databases such
as Scopus.

2. Keywords: (3D AND printing AND in AND
construction: AND revolutionising AND
design AND reducing AND waste).

3. Inclusion Criteria: Studies published in
English, focusing on 3D printing in the
construction industry, will be considered.
Only peer-reviewed articles, industry reports,
and case studies from the last decade (2014 to
the present) will be included to ensure
relevance to current trends.

4. Data Extraction: Key data points, including
3D printing applications, technologies used,
benefits, challenges, and outcomes related to
design innovation and waste reduction, will be
extracted and categorised.

5. Analysis and Synthesis: The findings will be
analysed to identify emerging patterns, trends,
and gaps in the literature. This synthesis will
allow for an overview of the current state of
3D printing in construction, as well as
practical implications for the industry.
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4. Findings and Discussion

This section summarises the findings derived from the
literature review, organised into two main themes:
design innovation and waste reduction.

4.1. Design Innovation

Architectural Flexibility: 3D printing enables the
creation of complex, customised designs that would be
difficult or cost-prohibitive using traditional
construction methods. This technology facilitates the
production of intricate geometries and structures that
optimise space utilisation and aesthetic appeal
(Adaloudis & Roca, 2021).

Material Innovations: 3D printing has expanded the
range of materials used in construction, including
sustainable and composite materials, which can
enhance the performance and durability of structures.
Materials such as recycled plastics, bio-based concrete,
and geopolymers are being explored in 3D printing,
contributing to more sustainable construction practices
(Adaloudis & Roca, 2021).

Customisation and Personalisation: 3D printing
allows for designs that are tailored to specific site
conditions, enabling architects and engineers to create
bespoke, site-specific structures (Garg et al., 2023).
This capability supports both residential and
commercial applications.

4.2. Waste Reduction

Precision and Efficiency: One of the primary benefits
of 3D printing in construction is its ability to minimise
waste. Unlike traditional construction methods, which
often involve cutting, shaping, and discarding excess
material, 3D printing only uses the material required for
the build. This results in more efficient use of resources
(Adaloudis & Roca, 2021).

Sustainability: The technology also allows for the use
of recycled and eco-friendly materials, reducing the
demand for new raw materials and lowering carbon
footprints (Garg et al., 2023). This aspect is crucial as
the construction industry is one of the most significant
contributors to global waste and emissions.

On-Demand Production: 3D printing enables on-site
production of components, reducing transportation and
logistics-related waste. Components can be printed as
needed, avoiding overproduction and material
stockpiling (Garg et al., 2023).

5. Conclusion and Further Research

5.1 Conclusion
This scoping review highlights the transformative
potential of 3D printing in the construction industry,
particularly in revolutionising design flexibility and
reducing material waste. The findings reveal that 3D

printing enhances architectural innovation through
parametric design, generative modelling, and the ability
to fabricate complex geometries with greater
efficiency. Additionally, the technology supports
sustainability efforts by minimising waste, optimising
material use, and enabling the integration of recycled
and eco-friendly materials.

Despite these advantages, several challenges hinder
widespread adoption, including regulatory
uncertainties, high initial investment costs, and
scalability concerns. Addressing these barriers requires
collaboration  between  industry  stakeholders,
policymakers, and researchers to develop standardised
guidelines, improve cost efficiency, and expand
training initiatives. As 3D printing continues to evolve,
its integration with artificial intelligence, robotics, and
sustainable materials holds great promise for shaping
the future of construction.

5.2. Future Research
While this review identifies key benefits and challenges
of 3D printing in construction, several areas require
further investigation:

1. Regulatory Frameworks and Standards —
More research is needed to develop
universally accepted guidelines and codes to
ensure the safety, durability, and structural
integrity of 3D-printed buildings.

2. Cost-Effectiveness and Economic Viability
— A deeper analysis of the long-term financial
implications of 3D printing in construction,
including lifecycle costs and return on
investment, is necessary.

3. Material Innovations and Sustainability —
Exploring alternative sustainable materials,
such as recycled concrete, bio-based
composites, and geopolymer cement, could
further enhance environmental benefits.

4. Integration with Emerging Technologies —
Investigating the role of Al robotics, and IoT
in optimising 3D printing processes could
improve efficiency, precision, and automation
in construction.

5. Large-Scale Implementation and Case
Studies — More real-world applications and
pilot projects need to be analysed to assess the
feasibility, performance, and scalability of 3D
printing in various construction environments.
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