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Abstract. The construction industry is undergoing a transformation with the rise of 3D printing
technology, offering cost-effective, efficient, and environmentally sustainable building solutions.
This paper presents a systematic review of 3D printing in construction, focusing on its
technological evolution, material advancements, and implementation barriers. An analysis of
academic research from 2020 to 2025 highlights current trends, including multi-material systems
and Al integration, and identifies critical challenges such as regulatory gaps and material
limitations. The study synthesizes global case studies to evaluate feasibility, efficiency, and
sustainability metrics. The findings highlight the expanding global interest in 3D printing,
demonstrating its increasing viability for scalable industry applications, ranging from residential to
infrastructure projects. Ultimately, this study contributes to advancing the integration of 3D
printing in modern construction practices, emphasizing its potential to improve construction
timelines, reduce resource consumption, and enhance project delivery.

Keywords: 3D Printing in Construction, Additive Manufacturing, Sustainable Construction,
Construction Industry Trends.

1. Introduction

The construction sector is a major economic driver but remains highly energy-demanding and emission-
producing, as it accounts for approximately 40% of global energy use and 36% of energy-related CO:
emissions [1]. The rapid pace of urbanization, combined with the inefficiencies of traditional construction
methods, has led to escalating demands for innovative technologies that address the industry's complex
challenges. To ensure sustainable project delivery, the industry requires technologies that reduce cost
overruns, time delays, labour shortages, and material waste. 3D printing, also known as Additive
Manufacturing, has emerged as a disruptive force in construction due to its automation, cost reduction, and
waste minimization while improving safety [2]. Engineers can apply advanced design techniques using
concrete, polymers, and metal alloy nanocomposites to build more efficiently and sustainably [3]. However,
challenges such as high initial costs, regulatory issues, material constraints, and the need for specialized
workers hinder its widespread adoption [4]. The absence of standard building codes further complicates its
integration into traditional construction [5].
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This paper highlights recent research from 2020-2025 on 3D printing technology in construction,
reviewing its practical applications, benefits, and challenges. It provides insights into the latest
technological advancements, regulatory considerations, and material developments that influence the
adoption and future direction of 3D printing in the construction industry. Figure 1 illustrates the growing
trend of publications on 3D printing technology in the construction industry, highlighting increasing
research interest.
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Figure 1. Publications on 3D Printing Technology in Construction Industry

2. 3D Printing technological evolution in construction

2.1. Historical Background

The foundational principles of 3D printing, initially termed Additive Manufacturing, emerged in the late
1970s. Hideo Kodama pioneered photopolymerization-based three-dimensional object production in 1981,
establishing the groundwork for Stereolithography (SLA), later patented by Charles Hull in 1986 [6]. The
construction industry began integrating 3D printing through cement-based material extrusion in the 1990s.
A breakthrough came in the early 2000s when Dr. Behrokh Khoshnevis introduced Contour Crafting, an
automated technique for layering concrete, significantly reducing labour and construction time [7]. Further
advancements included Concrete Printing, developed by Buswell et al. (2007), which enhanced material
control for structural stability. Between 2010 and 2020, robotic automation and digital fabrication
accelerated the adoption of 3D printing in construction. A notable milestone occurred in 2016 when China
successfully built a 3D-printed residential property, showcasing its potential to address housing shortages.
During this period, Dubai’s “3D Printed Office of the Future” further demonstrated the viability of 3D-
printed commercial structures [8]. From 2020 to 2025, research has focused on multi-material printing,
structural optimization, and Building Information Modelling (BIM) integration to enhance construction
efficiency [1]. The introduction of geopolymer-based concrete, which emits less carbon than Portland
cement, has positioned 3D printing as a sustainable solution for the industry [8]. Efforts toward
standardization and regulatory frameworks continue to facilitate large-scale adoption, ensuring safety,
scalability, and cost-effectiveness [9].
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Building on its historical foundation, recent trends are significantly influencing how 3D printing is applied within
the construction sector. These advancements reflect a shift from experimental implementation toward more
integrated, scalable, and high-performance construction solutions.

1. Al and robotics use in precision accurate construction

Artificial intelligence (Al) and robotics are revolutionizing precision and automation in 3D-printed
construction by improving efficiency, accuracy, and safety. Al-driven robotic systems enable large-scale
3D printing, facilitating the production of complex architectural features that traditional methods cannot
achieve. Additionally, Al integration enhances off-site construction processes, reducing labour
requirements while ensuring higher quality control and construction safety [10-11].

2. Multi-Material 3D Printing for Enhanced Structural Properties

Advancements in multi-material 3D printing have significantly improved structural durability, load-
bearing capacity, and thermal performance in
construction. By combining reinforced
concrete, polymers, and composites, builders it 8ot i o ot
can develop more resilient and functional Design and schematics

structures [12]. This innovation addresses
traditional ~ weaknesses in  3D-printed
buildings, allowing for the integration of
strengthening components that enhance
mechanical properties and support large-scale
construction feasibility as shown in figure 2
[13].
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Figure 2. A structure for designing a UHPC
printing system with closure rate boosting
technology exists Adapted from [13].

3. Prefabrication Approaches Using 3D Printing Technology with Relation to Modular Construction
Techniques

The combination of 3D printing and modular construction is changing the landscape of the sector by
enabling fast prefabrication of building parts. The integration of 3D printing enables mass customization,
lowered material waste, increased production speeds, making it a feasible option for affordable housing
and emergency shelter works. This is very useful for the creation of simplified standard housing units
that can be assembled on site, and construction time is significantly lowered in relation to other methods
[14]. As many firms look for sustainable and cost-effective construction solutions, 3D printing adoption
as a more efficient building practice for taking comes will become more common.

4. Clarify the Use of BIM in Combination with 3D Printing for Planning Purposes.

The integration of BIM with 3D printing is continuously enhancing construction planning efforts. BIM
makes it possible to share data, perform structural assessments, and build models in real time, all of
which makes it possible to coordinate design and manufacturing processes. Combining BIM and 3D
printing enables construction companies to be more efficient, increase accuracy, and improve resource
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management as shown in Figure 3. The new system indicates construction processes are shifting towards
automated paper-free methods which will simplify future project sustainability [8].

Figure 3.BIM modelling visualization in 3D construction Adapted from [8].

5. Development of Solutions for Mobile On-Site 3D Printing for Transportation Problem Solving

The biggest hindrance in industry stands between transportation systems along with installing enormous
printing machines. 3D printing technology operated from mobile platforms solves these problems since
it enables robotic systems to print construction elements directly on-site. Mobile robotic 3D printers
function independently at construction locations to remove requirements for static printers according to
[15]. The solution expands both the scale opportunities and adaptation capabilities during large
construction development work.

3. Different Approaches to Construction-Affiliated 3D Printing Methods and Technologies

3.1. A Guide to the Major 3D Printing Methods in Construction Sector

Additive Manufacturing (AM) is transforming construction by enabling digitally controlled fabrication of
structural elements while optimizing material usage. Four major AM techniques in construction include
Extrusion-Based Printing, Powder-Based Printing, Material Jetting, and Hybrid Printing, each serving
specific construction needs [15]. Extrusion-Based Printing is widely adopted in construction, using
Concrete Printing (CP) and Contour Crafting (CC), where a pump system deposits mortar or fluid-based
mixes layer by layer. Fused Deposition Modelling (FDM) operates similarly but without heating, allowing
efficient construction. These techniques enhance precision, scalability, and material efficiency in 3D
printing construction, marking significant progress in automated, sustainable building methods.

3.2.  Workflow for 3D Construction Printing’s Process

The 3D construction printing process builds three-dimensional structures by layering materials such as
plastic, metal, or concrete. The process begins with Computer-Aided Design (CAD) software, where a
digital model is created and exported into compatible file formats like STL, 3DS, IGES, COLLADA, or
STEP. Before printing, the model undergoes slicing, converting it into G-code files that contain specific
printer commands regarding location, orientation, and movement [16]. Algorithms assess the design to
determine whether additional support structures are necessary during printing. The layer-by-layer
construction principle is fundamental to all 3D printing methods, ensuring precision and
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efficiency regardless of material. Figure 4 and Figure 5 provide an overview of Construction Additive
Manufacturing, illustrating the step-by-step process and material flow in extrusion-based additive
manufacturing for construction applications.

Figure 4. Construction Additive Manufacturing: Process Overview Adapted from [16].

The 3D construction printing workflow consists of three primary phases: input, production, and output.
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Figure 5. Process Flow of Material Extrusion in Additive Manufécturing Adapted from [16].

3.3.  Materials Utilized in 3D Printing for Construction

The fundamental properties of 3D printing construction materials include extrudability for printability,
resistance to deformation for buildability, and flowability for pumpability, ensuring structural stability.
Common 3D printing materials integrate polymers, cementitious composites, metallic elements, and sand
as a base aggregate [16]. Printable concrete differs from traditional concrete due to reduced water content,
accelerated setting, and increased strength, achieved through additives like superplasticizers, accelerators,
and retarders [17]. The binder system primarily relies on Portland cement, while rheological properties such
as viscosity and yield stress play a crucial role in maintaining layer deposition and structural integrity [5].
Emerging materials, including SaltBlock composite salt, sand structures, and low-density foam, have been
explored, but further research is required for commercial adoption [8]. Although concrete remains the
dominant material, alternative materials like soil are gaining research attention. Over the past 25 years,
global research efforts have advanced large-scale additive manufacturing to push the boundaries of 3D
printing in construction [18].

4. Case Studies of 3D Printed Construction Projects
4.1. Notable Case Studies for 3D Printing in Construction
Global 3D printing construction projects have demonstrated higher efficiency, automation, and

environmental sustainability, making them viable for residential, civil, and infrastructure applications [18].
Research highlights that large-scale 3D printing optimizes material usage while enhancing work efficiency,
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addressing key structural challenges [16]. Academic and industry initiatives have significantly propelled
3D printing adoption, with case studies proving its feasibility in various construction approaches [17]. As
3D printing capabilities expand, research increasingly focuses on scaling and adapting the technology
through digital design, robotics, and automation, ensuring its integration into different construction
contexts. These ongoing efforts contribute to the mainstreaming of 3D printing, promoting its acceptance

across the construction industry as shown below in Table 1.

Table 1. Overview of 3D Printing Applications in Construction Across Different Countries

Project | 3D Printing 3D Printing Project Type Project Scale Country References
1D Approaches Type
PO1 United Arab
Powder- D-Shape Residential Small-scale Emirates
Based (UAE)
P02 Systems Public Ajman, United
D-Shape infrastructure Small-scale Arab Emirates
and modular [1]
housing
P03 Crane Printers Eco-friendly Small-scale Italy
residential unit.
P04 WASP's Crane Eco-friendly Small-scale Italy
WASP printer, residential unit.
P05 Small-scale [11]
Gantry system Infrastructure Camp
Pendleton,
California
P06 Robotic arm- Small-Medium
based 3D Research and Dubai
printing systems development
P07 Extrusion- Gantry system Small- Eindhoven,
Based Residential Medium Netherlands
P08 System Gantry System Medium-scale Dubai
Commercial [1]
P10 Custom Medium-scale Cambridge,
extrusion-based Structural Massachusetts,
printer formwork USA.
P11 COBOD’s Large Scale
BOD?2 gantry Residential Saudi Arabia
printer
P12 3D machine Large Scale
guidance system Infrastructure Florida
project
P13 Large Scale Huntsville, [11]
Gantry System Infrastructure Alabama,
project USA.

4.2. Key Takeaways from Case Studies

3D printing is revolutionizing the construction sector by addressing traditional building challenges and
enabling rapid structure production, reducing project timelines to just days or weeks [18]. This
accelerated construction speed offers financial benefits by minimizing labour dependency, reducing
material waste, and optimizing distribution networks. The sustainability of 3D printing is evident in its

o




16th International Conference on Civil and Architectural Engineering (ICCAE-16) 12-15 May, 2025
Military Technical College (MTC), Cairo, Egypt

resource efficiency, integration of recyclable plastics, and use of biodegradable compounds,
significantly lowering the environmental impact of construction. Engineers leverage 3D printing to
create complex structures that were previously unachievable with traditional methods [17]. Additionally,
robotic integration enhances workplace safety by reducing human errors and site-related risks [10].
Ongoing technological advancements continue to establish 3D printing as a disruptive force in
construction, bringing enhanced efficiency, cost reduction, sustainability, and scalability. The latest
research from 2020-2025 further explores these benefits in contemporary construction projects,
showcasing its transformative impact on the industry as shown in the below Table 2.

Table 2. Key Advantages of 3D Printing in Construction

Benefits of 3D [11] 41| [6]| [8] | [10] | [14] | [25] | [216] | [17] | [18]
Printing

Reduction of x | x| V] V] A N N N N N
construction time
Minimization of NN NN A X N N N N
Project Cost
Sustainabilityand | ¥V | v [ V| V| v | A N N[N
construction waste
reduction
Flexibility in Vix | x| N] N ] A N N[N
design,
reconfiguration
and modification
Formwork VN x| x| X N N N N
elimination
Safersitesforlocal | x | x | x | ¥ [ X N N N N
community
workers
Reduction of x | x| x| x| « X X N X N
human-caused
errors at
construction sites
Minimization of x | x| x| x| X X N N N
human labour
necessity

5. Challenges and Barriers to Adoption

Public interest in 3D printing for construction is increasing, but widespread adoption faces significant
barriers. High initial costs for advanced 3D printers and specialized materials make them inaccessible to
many small and medium-sized enterprises [18]. The absence of standard building codes and regulations
creates uncertainties about the structural safety of 3D-printed buildings. Adoption remains slow due to a
shortage of qualified specialists and technical barriers that complicate material consistency, framework
integration, and large-scale implementation. Public skepticism about the long-term reliability and durability
of 3D-printed structures further limits its acceptance [16]. Overcoming these technological and regulatory
challenges is essential for successfully integrating 3D printing into modern construction practices, as listed
below in Table 3.
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Table 3. Factors Impacting 3D Printing Integration in Construction

Factor Category Barriers References
1 Equipment Poor quality and performance of 3D printing materials
2 anc(:JI Material Problems with the delivery of some materials.
oncerns
3 Poor handling of 3D printing materials throughout storage
procedures and distribution processes
The printer requires materials that are not available for use.
Limited material resources for 3D prints.
Misplacement and improper handling of 3D print
equipment’s.
7 Elemental breakdowns.
8 Shortage of suppliers for 3D building construction printers.
Technical and Deficiency of design cross compatibility
10 Design Modification in designs
Challenges — ; _ .
11 Limited or non-existent understanding and comprehension
of 3D printed Designs
12 Wrong and or inadequate design information
13 Cyber security attack
14 Environmental Health and safety risks
15 Risks and Complicated working setting
worksites - — [18]
16 Unforeseen site conditions
17 Insufficient safety procedures
18 Harsh climatic circumstances
19 Human Mistakes
20 Management Lack of workforce experienced in building 3d printed
and labour structures.
21 Challenges Weak leadership qualities in 3D construction project
management.
22 Incorrect project feasibility study.
23 Undefined 3d construction scope.
24 Mistakes in financial plan.
25 Mistakes in the timeline of construction activity.
26 Political and Inadequate legal provisions for the adoption of 3D printing
Economic technology in the industry
27 Barrierstothe | Modifications in the 3D construction codes and regulations
28 Adopstlljon of Prolonged periods for governmental consent
29 Technology Heightened costs of materials
30 Product and Construction liability
31 Attitudinal Inadequate sensitization on the advantages of adopting 3D
and Social printing technology. [16]
32 Barriers Resistance to change
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6. Future Perspectives and Research Gaps in 3D Printing for Construction

The implementation of 3D printing in construction continues to encounter fundamental research obstacles
because the absence of standardized building codes and regulations leads to uncertainties about structural
integrity assurance and safety measures and compliance standards. The wide-scale deployment encounters
obstacles mainly from technological constraints in areas such as material sustainability together with multi-
material integration and automation capabilities [18]. The future development of artificial intelligence (Al)
and machine learning technology shows great promise in achieving three major improvements including
automated processes alongside precise printing sequences alongside immediate choice-making abilities
[10]. The field of sustainable construction material research includes studies focused on developing recycled
concrete alongside bio-based polymers and low-carbon cementitious composites to decrease carbon
emissions from construction. Research in space construction examines how to build extraterrestrial habitats
through 3D printing robots that utilize ISRU [16]. The technology of multi-material 3D printing continues
to advance by creating strong complex load-bearing structures. Achieving these potential benefits depends
on increased interdisciplinary work along with digitized fabrication methods and sector-wide
standardization adoption.

However, during this study’s literature review, it became evident that very few academic publications
specifically address the adoption or readiness of 3D printing in the Egyptian construction context. As
Egypt continues to expand its infrastructure and urban development, understanding how global
innovations—such as Al-driven robotics and multi-material systems—can be adapted to local conditions
is increasingly important. This paper aims to address this gap by reviewing international literature from
2020 to 2025, identifying key trends and critical barriers that must be considered as foundational steps
toward transitioning Egypt’s construction industry from traditional methods to more sustainable, digitally
integrated practices.

7. Conclusion

This review explores recent advancements in 3D printing technology within the construction industry,
emphasizing its potential to improve sustainability, efficiency, and cost-effectiveness. Research published
between 2020 and 2025 highlights several key innovations, including robotic automation, multi-material
printing, and the integration of Building Information Modeling (BIM), which collectively enhances the
applicability of 3D printing in structural engineering. Case studies further illustrate the scalability of this
technology across residential, infrastructure, and commercial construction projects. However, despite its
growing promise, widespread adoption remains limited due to high initial costs, regulatory uncertainties,
material limitations, and a shortage of skilled labor. Future research must address these challenges by
focusing on the development of international building standards, advancing multi-material structural
design, and investigating applications in extraterrestrial construction. Achieving these goals will require
active collaboration among researchers, engineers, and policymakers to enable large-scale, sustainable
implementation. Ultimately, 3D printing offers a pathway to transform the construction industry by
modernizing conventional methods and integrating cutting-edge technologies to improve speed,
sustainability, and cost performance.
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