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Abstract

The implementation of construction 3D printing (3DP) offers a viable approach to enhanc-
ing productivity, optimizing material use, and advancing sustainability in infrastructure
development, particularly in developing construction markets where economic constraints,
labour reliance, and environmental challenges persist. This study proposes and empir-
ically tests a theory-based framework to evaluate the perceived critical success factors
(CSFs) shaping readiness for the adoption of 3DP within the Egyptian construction sector.
The proposed framework is fundamentally grounded in the Technology—Organization—
Environment (TOE) perspective, wherein Resource and Technology Optimization (RTO)
and Innovation and Creativity in Design (ICD) constitute the technological dimension,
Strategic Project Management (SPM) and Organizational Support (OS) represent the orga-
nizational dimension, and Stakeholder and Client Engagement (SCE), Sustainability and
Environmental Initiatives (SEI), and Policy and Regulatory Considerations (PRC) define
the environmental dimension. A total of 157 valid responses collected from construction
professionals were analyzed using the Relative Importance Index (RII) and partial least
squares structural equation modelling (PLS-SEM). Because construction 3DP remains at an
early, pre-commercial stage of diffusion in Egypt, the survey captures professionals’ percep-
tions of adoption readiness rather than verified implementation performance. This sample
exceeds the requirements of a priori statistical power analysis (1 = 103 to detect medium
effects with seven predictors at a power of 0.80 and « = 0.05) and the inverse-square-root
criterion (n = 137), thereby providing adequate statistical power for the structural estimates.
However, generalizability remains bounded by the purposive, single-country sample.
The RII findings indicate that inaccurate budgeting and scheduling, limited managerial
competence, shortages of skilled labour, cultural resistance, and inadequate awareness
constitute the most significant barriers to adoption. The structural model accounted
for 81.6% of the variance in 3DP adoption. Furthermore, all hypothesized relationships
were positive and statistically significant, with 95% confidence intervals excluding zero;
SPM (p = 0.4851), RTO ( = 0.4195), and SCE (p = 0.3343) were identified as the most
influential determinants, followed by OS, ICD, SEI, and PRC. Discriminant validity was
supported by both the Fornell-Larcker and heterotrait-monotrait (HTMT) criteria, and
full collinearity diagnostics indicated no substantial common-method bias. The results
reveal that successful 3DP adoption is determined not solely by technological preparedness,
but also by effective alignment of managerial capabilities, resource optimization, stake-
holder trust, sustainability orientation, and regulatory support. Beyond prior TOE- and
SEM-based 3DP studies, which have largely examined technology acceptance in developed
markets or tested aggregate constructs, this study advances the field by disaggregating the
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three TOE contexts into seven empirically tested CSF constructs, quantifying their relative
influence, and providing the first empirically tested adoption framework of this kind for the
Egyptian construction sector, grounded in perception survey data. The resulting framework
can support the prospective implementation of sustainable construction technologies in
infrastructure sectors in developing countries.

Keywords: 3D printing in construction; additive manufacturing; structural equation
modelling; critical success factors; adoption readiness; perception survey; sustainable
construction; Egypt

1. Introduction

The construction industry is a key pillar of national economic development; however,
it remains one of the most resource-intensive and environmentally consequential sectors
worldwide. The sector accounts for approximately 36% of total global energy consumption
and 39% of worldwide CO, emissions, highlighting the urgent need for technological
innovation to support sustainability objectives [1]. Despite the rapid pace of urbanization,
conventional construction practices continue to dominate and are frequently associated with
operational inefficiencies, high costs, prolonged project durations, and labour shortages [2].

Additive manufacturing, commonly known as 3D Printing (3DP), has emerged as
a disruptive technology capable of mitigating these challenges by automating material
deposition and enabling the production of complex structural geometries with minimal
waste. In the construction sector, this process is referred to as Construction 3D Printing
(C3DP) and involves the layer-by-layer fabrication of concrete or cementitious materials
using digitally controlled systems, including gantry printers, robotic arms, and contour
crafting techniques. Internationally, 3DP has demonstrated considerable benefits, including
shorter project timelines, improved safety, greater design flexibility, and substantial savings
in materials and costs [3,4].

However, in developing countries such as Egypt, the adoption of C3DP remains at an
early stage. Egypt hosts one of the largest and most labour-intensive construction markets
in Africa, characterized by extensive national housing and infrastructure programmes, a
continued reliance on conventional cast-in-place methods, and substantial construction
waste generation [5,6]. Construction activity is also regionally differentiated: large urban
development programmes are concentrated in Greater Cairo and the Nile Delta, whereas
considerable housing demand exists in remote desert and Upper Egypt regions, where
high material-transport and labour-mobilization costs make on-site automated fabrication
particularly attractive [5,7]. Within this market, C3DP implementation is hindered by
limited standardization, shortages of skilled labour, high initial equipment costs, and the
absence of supportive regulatory frameworks [5]. Recent empirical evidence confirms that
similar techno-economic and institutional barriers persist across other developing construc-
tion markets, including India, Nigeria, and Sri Lanka, where high capital requirements,
limited technical know-how, and regulatory uncertainty dominate [8,9]. Moreover, the
existing literature predominantly focuses on technical feasibility, while empirical evidence
concerning managerial and strategic enablers remains limited [8,10]. Consequently, there is
a need for a comprehensive empirical framework to identify and empirically test the CSFs
influencing 3DP adoption in construction, particularly in developing economies.

The technical profile of the Egyptian building stock further shapes how C3DP could
be deployed [5]. Residential construction is dominated by reinforced-concrete skeleton
systems with solid masonry infill walls rather than lightweight framed assemblies, and
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typologies range from single-storey rural dwellings to the repetitive multi-storey apartment
blocks that characterize national housing programmes [5,6]. Egypt’s hot, arid climate
imposes demanding thermal requirements on external envelopes, which conventionally
rely on thermal mass, increased wall thickness, or cavity (double-wall) configurations;
printed walls would need to reproduce these functions—for instance, through hollow-core
or double-skin printed sections—while also accommodating the reinforcement detailing
required by national concrete and seismic design codes for structural elements [5,11]. Site
conditions are equally differentiated: dense urban infill plots in Greater Cairo offer limited
lateral clearance for gantry-type printers, whereas the open, repetitive layouts of new
desert cities and remote settlements provide conditions to which large-format gantry and
crane systems are well suited [5,7]; the predominantly dry climate additionally favours
continuous on-site printing with few weather interruptions [7]. On the materials side,
Egypt hosts one of the region’s largest domestic cement industries, so the cementitious base
for printable mixtures is locally available, although specialized admixtures and printing sys-
tems currently depend on imports [5,11]. Finally, the institutional environment combines
visible enablers—large state-led housing and infrastructure programmes, an established
professional-engineering community, and emerging university—industry collaboration—
with the absence, to date, of dedicated regulatory pathways for additive construction;
government support and inter-firm collaboration in technological development are there-
fore decisive conditions, captured in this study through the PRC and OS constructs [5,11].

The Technology—Organization—-Environment (TOE) framework was deliberately se-
lected over alternative adoption theories such as the Technology Acceptance Model (TAM)
and the Unified Theory of Acceptance and Use of Technology (UTAUT) [12,13]. TAM and
UTAUT are individual-level models that explain users” behavioural intentions towards
information systems; however, the decision to adopt C3DP is made at the organizational
level and is contingent upon firm-level resources, managerial capabilities, and external
conditions such as regulation, market pressure, and stakeholder acceptance, which fall out-
side the explanatory scope of individual-acceptance models [13,14]. The TOE framework
explicitly captures these three interrelated contexts and has been successfully applied to
organizational technology adoption in construction, including smart contracts, building
information modelling, and 3DP [14,15]. Accordingly, TOE offers the most appropriate
theoretical lens for examining C3DP adoption in the project-based, multi-stakeholder, and
highly regulated context of the construction industry.

Within the context of sustainable infrastructure solutions, this study contributes by
illustrating how 3DP can support sustainable construction technologies through waste re-
duction, enhanced material efficiency, safer automated construction, and climate-responsive
project delivery in a developing-country context. This infrastructure-oriented perspective
is important because decisions regarding 3DP adoption influence not only building produc-
tion methods but also the capacity of infrastructure systems to reduce embodied resource
consumption and accommodate urban growth through more efficient construction pro-
cesses. Accordingly, this study frames C3DP as a sustainable infrastructure adoption
problem rather than a purely technical implementation issue. To make this contribution
verifiable, the framework is explicitly linked in Section 5.1 to measurable sustainability out-
come indicators—construction-waste intensity, embodied carbon, material-use efficiency;,
energy consumption, safety performance, affordability, and life-cycle cost.

This research seeks to address this gap by developing and empirically testing an SEM
that explains how managerial, technological, environmental, and policy-related factors
collectively influence 3DP adoption in Egypt’s construction sector. The study adopts
a literature-informed, sequential exploratory—confirmatory quantitative survey design,
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integrating exploratory literature analysis, quantitative data collection, and SEM-based
empirical testing, to achieve three main objectives:

1.  Identify and prioritize the critical success factors and barriers affecting 3DP adoption,
as perceived by industry professionals.

2. Empirically test the relationships among these factors using SEM; and

3. Develop an empirically tested conceptual framework to support the sustainable
implementation of 3DP in construction projects.

Figure 1 presents the TOE-based theoretical framework guiding this study, and
Figure 2 illustrates the main construction-related 3DP approaches. By integrating strategic
management, sustainability, and innovation within a quantitative modelling framework,
this study enhances the understanding of technology diffusion in the construction sector.
The resulting empirically tested model offers practical insights for industry practitioners,
policymakers, and technology developers seeking to advance more sustainable, automated,
and digitally integrated construction practices.

Environment Context

Organization Context SCE-Stakeholder and Client
Technology Context SPM-Strategic Project Management Engagement
RTO-Resource and Technology Optimization OS-Or izational - SEI-Sustainability
ICD-Innovation and Creativity in Design ~rganizato - t} .
Support and Environmental Initiatives

PRC-Policy and Regulatory Considerations

Construction 3D Printing Adoption (3DPA)
Sustainable Infrastructure Delivery, Material Efficiency, Waste Reduction, and Safer Automated Construction

Selective Paste
Intrusion (SPI)

Figure 1. Technology-Organization-Environment (TOE)-based theoretical framework for the adop-
tion of 3D printing in construction.

Construction- related

3D Printing
Approaches
Extruded  Material
Powder-Based Systems Systems
Selective Binder Concrete Printing Contour Crafting
Activation (SBA) D-Shape (CP) (CO)

Figure 2. Construction-related 3D printing approaches.

2. Literature Review
2.1. Overview of 3D Printing in Construction

The origins of 3D printing date back to the late 1970s and early 1980s, when the earliest
additive manufacturing (AM) techniques were introduced for rapid prototyping. The first
commercialized process, stereolithography (STL), was developed by Charles W. Hull in
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1983, allowing digital CAD data to be converted into physical 3D models through layer-
by-layer photopolymerization [16]. By the mid-1990s, Dr. Behrokh Khoshnevis advanced
the use of AM in construction through the concept of Contour Crafting (CC), a large-scale
printing method that employed cementitious materials to produce building components
with automated precision. This development laid the foundation for what is now known
as C3DP, commonly referred to as 3D concrete Printing (3DCP) [17].

Over the past two decades, 3DP has progressed from small-scale prototyping to full-
scale construction applications. Developments in digital modelling and robotic automation
have enhanced its potential for producing structural components, housing units, and
infrastructure projects. At present, C3DP systems can print complete building envelopes,
walls, and structural shells on-site, thereby reducing many of the limitations associated with
conventional construction methods [18]. Among these systems, extrusion-based approaches
remain the most widely used because of their scalability, cost efficiency, and compatibility
with conventional concrete materials. Common variants include gantry-based printers,
robotic-arm extrusion systems, and contour-crafting configurations [19].

Globally, extrusion-based and powder-bed systems remain the dominant technologies
in large-scale construction applications. Hassan et al. [11] reported that the United States
and the Netherlands are leading large-scale 3DP implementation, followed by the UAE,
where 3DP has been institutionalized through official building codes and pilot projects. De-
spite these developments, persistent challenges remain regarding standardization, material
performance, and large-scale automation. To support the safe and effective integration of ad-
ditive manufacturing into construction, international organizations such as ISO and ASTM
have started developing technical standards, most notably ISO/ASTM 52939:2023 [20],
which establishes quality assurance principles for structural and infrastructure elements
produced through 3D printing.

This technological development underscores that 3DP is not merely a means to enable
design flexibility, but a transformative construction process with the potential to redefine
productivity, sustainability, and resource efficiency. Nevertheless, a critical reading of this
trajectory shows that technological maturity has consistently outpaced managerial, regula-
tory, and market readiness: printing systems have advanced from laboratory prototypes
to full-scale dwellings within two decades, whereas comparable progress in codes, skills,
and business models has not materialized [8,11,19]. The following sections therefore move
beyond a chronological account and critically examine the main benefits, barriers, and
critical success factors affecting C3DP adoption in construction projects.

2.2. Benefits and Challenges of 3D Printing Adoption

3DP offers several advantages over conventional construction methods. Previous
studies have consistently reported significant reductions in construction time, labour de-
pendency, and material waste, together with greater design flexibility and improved worker
safety [3,4,21]. From an environmental perspective, the technology reduces embodied car-
bon emissions and facilitates the use of locally sourced or recycled materials, thereby
supporting sustainable building practices [10]. Table 1 summarizes the key benefits identi-
fied in prior studies. The magnitude of these benefits, however, varies considerably across
studies and contexts: cost analyses of robotically fabricated walls indicate that digital fabri-
cation becomes cost-competitive primarily for geometrically complex elements, whereas
simple elements may remain cheaper to cast conventionally [22], and reported time savings
depend strongly on the printing system, the printable material, and the degree of on-site
versus off-site production [7,19]. These divergences indicate that the business case for
C3DP is context-dependent rather than universal, reinforcing the need for country-specific
adoption studies such as the present one.
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Table 1. Key advantages of 3D printing in construction.

Category Advantages/Benefits References
Time and Cost E fficiency Reduction in constructlonct;rsrt1e. Minimization of project [2,7,9-12,21,23]
Sustainability Sust.amablhty and construction waste re.dl.lctlon. Improved [2,9,21,24-26]
environmental performance through efficient material use.
Design Flexibility Flexibility in design, reconfiguration, and m9d1f1cat10n. [7,11,19,23,27]
Ability to produce complex geometries.
Construction Process Formwork elimination. Streamlined construction [7.9,10,23,27]
workflow.
Safety and Workforce Safer construction sites for local community workers. [2,9,11,12,21,23,27]
Reduced manual labor.

Reduction in human-caused errors at construction sites.
Automation and Quality Minimization of human labor necessity. Improved [11,24,25]
precision and repeatability.

Regulatory and Economic Economic efficiency and resource optimization. [9,.23]
Context Encouragement of innovation and design freedom. ’

Despite its potential, several barriers continue to restrict large-scale adoption, par-
ticularly in developing markets. These barriers include the lack of standardized codes
and guidelines, high equipment costs, shortages of skilled labour, challenges in material
performance, and institutional resistance to change [7-9]. Comparative evidence further
suggests that the relative severity of these barriers varies across markets: studies in de-
veloped economies emphasize regulatory approval and material certification, whereas
studies in developing markets consistently rank cost, skills, and awareness constraints as
the highest constraints [9,10]. Table 2 summarizes the common barriers synthesized from

previous studies.

Table 2. Significant barriers to the adoption of 3D printing in construction.

No. Category Barriers References
Poor quality and performance of 3D-printing materials
2 Faulty material deliveries
3 Inappropriate handling an;l storage of 3D-printing
materials
4 Material and Equipment Shortage of suitable printable material
Issues Shortage of 3D printing material supplies
6 Incorrect transportation a1f1d installation of 3D-printing
equipment
7 Unexpected malfunctions [23]
Limited availability of 3D construction printer suppliers
Lack of design interoperability
10 Design changes
1 Design and Technical Lack of knowledge and information of 3D-printed design
Challenges concepts
12 Insufficient or incorrect design information
13 Cybersecurity breach
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Table 2. Cont.
No. Category Barriers References
14 Operational hazards
15 Complex work environment
16 Worksite and Environmental Unforeseen site conditions
17 Inadequate safety measures
18 Extreme weather conditions
19 Human errors
20 Shortage of labour skilled in 3D-printed construction
21 Poor project manager skills .related to 3D-printed
construction
22 Labor and Management Improper project feasibility 23]
Challenges — - -
23 Poor scope definition of 3D-printed construction
24 Inaccuracy in project budgeting
25 Inaccuracy in construction schedule
26 Lack of codes for 3D printing in construction
27 Changes in 3D construction codes and regulations
28 Regulatog};frr;is}iconomic Delay in government approvals
29 Inflation of material prices
30 Construction and product liability
31 Awareness and Cultural Lack of awareness of the benefits of 3D printing o]
32 Barriers Cultural resistance to change

2.3. Case Studies

3D-printing technology has been implemented across a diverse range of construction
project types, including residential buildings, environmentally sustainable housing units,
research and development initiatives, and public infrastructure projects. Several notable
case studies have demonstrated its application in infrastructure development, highlighting
the growing potential of 3D printing not only for small-scale buildings but also for larger,
more complex construction projects, as presented in Table 3.

Only one case study provided a cost comparison between 3D Printing and conven-
tional methods for constructing a concrete wall, indicating that 3D Printing could substan-
tially reduce formwork and labour costs, with the total cost of the concrete wall estimated at
approximately one-fifth that of traditional construction methods. However, these findings
represent preliminary estimates, and a more detailed cost assessment is required, consid-
ering factors such as material selection, robot type, and project location. Construction in
remote areas, where material transportation and labour costs are typically higher, may
present different cost dynamics compared with urban settings, thereby further complicating
cost comparisons, as presented in Table 4 [7].

Beyond individual demonstration projects, documented implementation experiences
in developing and emerging markets provide a useful benchmark for the Egyptian context.
In the United Arab Emirates, C3DP has been institutionalized through dedicated regula-
tions and government-backed pilot programmes, supported by strong public investment
and an explicit strategy to print a substantial share of new buildings [11]. In Saudi Ara-
bia, large-scale gantry printers have been deployed for residential units, demonstrating
technical feasibility while also exposing dependence on imported equipment, proprietary
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materials, and foreign expertise [11,28]. In India, pilot 3D-printed houses have been de-
livered through academia-industry partnerships, yet recent assessments report persistent
challenges related to material certification, financing, and workforce readiness [16]. Com-
parable studies in Nigeria and Sri Lanka reveal early-stage awareness, limited institutional
support, and cost barriers similar to those observed in Egypt [9,12], while applications in
remote-area housing highlight logistical advantages alongside supply-chain fragility [7].

Table 3. Summary of documented 3D-printing case studies across countries.

Project

Project ID 3D Printing Approaches 3D Printing Type Project Type Scale Country References
United Arab
P01 D-Shape Residential Small-scale Emirates
(UAE)
Powder-Based -
Systems " Public Ajman,
P02 D-Shape infrastructure Small-scale United Arab [11]
and modular .
. Emirates
housing
WASP’s Eco-friend]
P04 Crane WASP co-mencly Small-scale Italy
. residential unit.
printer
Gantr Camp
P05 y Infrastructure Small-scale Pendleton, [28]
system . .
California
Robotic-arm-
based Research and Small- .
P06 3D-printing development Medium Dubai
Extrusion-Based System systems
COBOD’s
P11 BOD2 gantry Residential Large-scale Saudi Arabia [11]
printer
3D machine Infrastructure
P12 guidance . Large-scale Florida
project
system
Huntsville,
P13 SG artltg Infrals«tr_uc;cure Large-scale Alabama, [28]
yste projec USA
Table 4. Comparison of construction costs for a 40 MPa concrete wall using traditional vs. 3D
printing methods.
Traditional Method 3D Printing
Item
Cost ($/m?) Amount (m3)  Price ($) Cost ($/m3) Amount (m3)  Price ($)
Concrete 200 150 30,000 250 150 37,500
Pumping 20 150 3000 20 150 3000
Labour 20 150 3000 - - -
Formwork 100 1500 150,000 - - -
Total 186,000 40,500

A comparison of these experiences reveals a consistent pattern: successful adopters
combined strong governmental sponsorship, local material development, and structured
training programmes, whereas stalled initiatives typically lacked regulatory pathways and
skilled operators. This pattern closely mirrors the barrier structure identified empirically
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in this study (Section 4.3), in which managerial, awareness, and skills-related constraints
outrank purely technical limitations, and it reinforces the value of benchmarking Egypt’s
readiness against these regional precedents [5,8,10].

2.4. Critical Success Factors (CSFs) for 3D Printing in Construction

Critical Success Factors refer to the key areas in which satisfactory performance is
necessary to ensure the successful implementation of a project or technology. For emerging
digital innovations such as 3DP, these factors include technical readiness, leadership,
regulatory frameworks, and environmental responsibility [29]. Based on comprehensive
literature synthesis and empirical analysis, this study identifies seven core constructs
that collectively explain 3DP adoption. These CSFs form the structural foundation of the
conceptual model, which is later empirically tested using SEM.

These constructs encompass managerial readiness, technological and resource opti-
mization, stakeholder engagement, design innovation, sustainability considerations, reg-
ulatory support, and organizational commitment. Collectively, the seven dimensions
presented in Table 5 provide a comprehensive framework for assessing the strategic, tech-
nical, environmental, and institutional factors that drive successful 3DP implementation
within the construction sector.

Table 5. Critical Success Factors based on the literature review.

Critical Success Factor (CSF) Enablers References

Strategic Project Management

- Strong leadership and decision-making for integrating 3D
Printing into project workflows.

- Development of clear project goals and timelines specific to
3D printing requirements.

30-32
- Regular updates and adjustments of schedules to account for [ ]

potential delays in implementing 3D Printing.

- Creating adaptable workflows to accommodate changes in
3D printing materials or technologies.

- Investment in advanced 3D printing equipment and skilled
labor.

- Implementation of training programs to upskill workers on

Resource and Technology 3D printing technologies.

Optimization

- Optimization of material sourcing for cost-effective and [33-35]

sustainable 3D printing operations.

- Collaboration with material suppliers to develop and use
high-performance materials for 3D Printing.

Stakeholder and Client Engagement

- Regular communication to align 3D printing project goals
with client expectations.

- Educating stakeholders about the benefits of 3D Printing in
construction.

- Managing stakeholder concerns regarding cost, safety, and
sustainability of 3D printing projects. [31,36,37]

- Conducting collaborative workshops for stakeholder
feedback during key phases of the project.

- Implementing transparency tools to ensure real-time project
updates for stakeholders.
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Table 5. Cont.

Critical Success Factor (CSF) Enablers References

Innovation and Creativity in Design

- Encouraging the use of 3D Printing to create flexible and
complex designs.

- Integration of Building Information Modeling (BIM) tools
with 3D printing technologies.

- Promoting experimental research to test innovative materials
for 3D construction. [30,35,38]

- Leveraging advanced computational tools to automate
complex geometries in design.

- Supporting interdisciplinary collaborations among architects,
engineers, and material scientists.

- Using recyclable materials and minimizing waste through
additive manufacturing.

- Incorporating energy-efficient designs and processes during
3D Printing.

Sustainability and Environmental - Promoting life-cycle assessments for sustainable project

Impact

planning, [31,33,34]

- Adoption of alternative materials such as bio-based
composites for greener construction.

- Optimizing energy consumption by adopting renewable
energy sources for 3D printing operations.

Policy and Regulatory considerations

- Standard implementation.

- Building codes and regulations.

- Liability for 3D printed components. [15]

- Capability of being modified and demolished.

- Availability of resources.

Organizational support - Top management commitment. [15]

- Successful cases.

2.5. Theoretical Framework for 3D Printing Adoption

This study explicitly applies the Technology-Organization-Environment (TOE) frame-
work as the theoretical lens for explaining 3DP adoption in construction. The TOE frame-
work suggests that three interrelated contexts influence organizational adoption of techno-
logical innovation: the technological context, which relates to the availability, compatibility,
and perceived performance of the technology; the organizational context, which concerns
internal leadership, resources, managerial capability, and readiness; and the environmental
context, which involves external stakeholders, regulatory conditions, market pressures,
and sustainability expectations. This perspective is appropriate for construction 3DP be-
cause its adoption depends simultaneously on digital and printing capabilities, project
management readiness, and external acceptance by clients, regulators, suppliers, and
sustainability-oriented stakeholders. The framework was originally formalized by Tor-
natzky and Fleischer [12] and, unlike individual-acceptance models such as TAM [39] and
UTAUT [13], it operates at the organizational level of analysis, which corresponds to the
unit of adoption examined in this study. On this basis, the present study extends the clas-
sical TOE formulation in three ways: it decomposes the three generic contexts into seven
measurable, construction-specific CSF constructs; it treats sustainability orientation (SEI) as
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an explicit environmental sub-dimension rather than an implicit market condition; and it
quantifies the relative weight of each context empirically through PLS-SEM, as illustrated
in Figure 3.
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Figure 3. Theoretical framework of critical success factors influencing 3D printing adoption in the
construction industry.

2.6. Synthesis of the Literature and Research Gap

The reviewed literature confirms that C3DP can support faster delivery, reduced
labour dependency, elimination of formwork, increased material efficiency, and reduced
waste [4,19,25]. However, three critical observations emerge from the synthesis. First,
much of the existing research remains either technically oriented or review-based, with
limited empirical testing of the managerial, organizational, sustainability, and regula-
tory conditions required for adoption in developing construction markets [8,10]. Second,
the available adoption studies rely on heterogeneous theoretical bases—or on none at
all—which impedes the cumulative comparison of findings across countries [14,29]. Third,
in the Egyptian context, this gap is particularly important because 3DP adoption is still
constrained by low awareness, restricted technical capacity, uncertain cost performance,
limited local supply chains, and the absence of mature implementation standards [5,6].
Accordingly, this study extends prior work by combining RII and PLS-SEM within an
explicit TOE structure to rank the major barriers and empirically test the direct influence of
seven critical success factors on construction 3DP adoption.
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3. Research Methodology
3.1. Research Design and Approach

This study employed a sequential exploratory—confirmatory research design. The
exploratory phase involved synthesizing previous studies on 3DP benefits, barriers, and
CSFs, whereas the confirmatory phase utilized questionnaire data and PLS-SEM to evaluate
the Technology—Organization—-Environment-based adoption model. This design is appro-
priate because construction 3DP is still at an early stage of diffusion in Egypt, requiring
both conceptual development and empirical testing. Consistent with this design, the study
assesses professionals’ perceptions of C3DP adoption readiness; it does not measure actual
implementation behaviour or verified field performance, and all constructs—including
the dependent construct, 3DP adoption (3DPA)—are interpreted accordingly throughout
the paper.

This literature-informed quantitative survey strategy—sequencing an exploratory lit-
erature synthesis with a confirmatory statistical analysis of primary survey data—enabled
the integration of both exploratory and confirmatory analyses; no qualitative strand of
data collection or analysis is involved. The exploratory component identified key enablers
and barriers influencing 3DP adoption, while the confirmatory component statistically
examined the relationships among these factors. The combined use of the Relative Impor-
tance Index (RII) and SEM provided a rigorous approach for assessing both the relative
Importance and causal influence of each factor on adoption outcomes.

3.2. Conceptual Framework

The conceptual framework was formulated by integrating the seven CSFs within the
Technology—Organization—-Environment framework and subsequently testing their rela-
tionships with 3DP adoption empirically using SmartPLS-based PLS-SEM. This approach
reinforces the model’s theoretical foundation and connects each construct to a clearly
defined adoption mechanism. The model assumes that technology-related capabilities,
organizational readiness, and external environmental pressures collectively determine the
success of 3DP adoption. Accordingly, SPM, RTO, SCE, ICD, SEI, PRC, and OS were mod-
elled as independent latent constructs influencing 3DPA as the dependent construct. The
resulting structural model, including the outer-loading values obtained from the PLS-SEM
estimation, is presented in Figure 4.

3.3. Data Collection and Sampling

A structured questionnaire survey was developed based on the proposed conceptual
model and distributed to professionals working in Egypt’s construction sector, including
engineers, contractors, architects, and project managers. Invitations were distributed elec-
tronically through professional and institutional networks and construction organizations
in Egypt. Inclusion criteria required respondents to be professionals currently active in
the Egyptian construction sector (engineers, architects, project managers, contractors, con-
sultants, or academics engaged with the industry); incomplete questionnaires, submitted
by respondents outside the construction sector, or exhibiting invariant response patterns
were excluded during the screening reported in Section 4.1. Purposive sampling was
employed to target respondents with relevant experience or technical expertise in 3DP or
advanced construction technologies. This strategy was justified by the early diffusion stage
of C3DP in Egypt. Because the population of professionals with meaningful exposure to
additive construction is small and cannot be enumerated, probability sampling would have
produced a predominantly uninformed sample, whereas purposive selection maximizes
the information content of each response [40]. The approach nevertheless entails a risk
of selection bias, as respondents were recruited through accessible professional networks
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and organizations; consequently, technology-aware and contractor-affiliated professionals
may be over-represented, and the findings should be generalized to the wider Egyptian
industry with caution. This potential bias is explicitly acknowledged in Section 5.2.

The questionnaire consisted of three main sections:

Y

Demographic and professional details, including role, experience, and organization type.

\l

Assessment of CSFs and adoption perceptions, where participants rated 39 indicators
representing the seven CSF constructs and the 3DP adoption construct on a five-point
Likert scale (1 = Strongly Disagree; 5 = Strongly Agree).
> Perceptions of barriers and readiness, to cross-validate the influence of environmental
and organizational factors identified from the literature.
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Figure 4. Structural model PLS-SEM outer loading values. Construct abbreviations: SPM = Strategic
Project Management; RTO = Resource and Technology Optimization; SCE = Stakeholder and Client
Engagement; ICD = Innovation and Creativity in Design; SEI = Sustainability and Environmental
Initiatives; PRC = Policy and Regulatory Considerations; OS = Organizational Support; 3DPA = 3D
Printing Adoption.
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The measurement indicators were developed through a three-stage procedure. First,
an initial pool of candidate items was generated deductively from prior validated CSF and
3DP-adoption studies, with each item mapped to one of the seven constructs summarized
in Table 5 [15,29-31,33]. Second, the pool was screened for redundancy and contextual
relevance to the Egyptian construction sector, and item wording was refined through
a content-validity review by a panel of academics and senior practitioners in construc-
tion engineering and management. Third, the refined instrument was pilot-tested with
a small group of construction professionals to verify clarity, completeness, and response
time, and minor wording adjustments were incorporated. The final instrument comprised
39 reflective indicators: 31 indicators measuring the seven CSF constructs and eight in-
dicators measuring the 3DP adoption construct (3DPA). The subsequent purification of
the measurement model through reliability, convergent validity, and discriminant validity
testing is reported in Sections 3.5 and 4.4. In addition, brief definitions of C3DP and each
construct were provided at the beginning of the corresponding questionnaire section, es-
tablishing a common understanding among respondents—including those with limited
prior exposure to additive construction—and supporting the informed completion of the
perception items.

A total of 224 questionnaires were distributed, of which 157 were deemed valid for
analysis, yielding an effective response rate of 70%. Sample adequacy was verified through
statistical power analysis rather than rule-of-thumb heuristics alone. An a priori power
analysis conducted in G*Power 3.1 for a linear multiple regression model with seven
predictors, a medium effect size (f> = 0.15), a significance level of « = 0.05, and a target
power of 0.80 indicated a minimum requirement of 103 respondents [41,42]. In addition, the
inverse square root method, which estimates the minimum sample size required to detect
the smallest expected standardized path coefficient (3 = 0.213 for PRC) as significant at the
5% level with 80% power, yielded approximately 137 respondents [43]. The obtained sample
of 157 therefore exceeds both criteria, confirming that the analysis is adequately powered
for hypothesis testing [40]. Although a notable proportion of respondents were early-
career professionals, the sample remains relevant, as participants were purposively selected
from construction-related disciplines, with 93% identified as industry practitioners across
diverse organizational categories, including contractors, consultants, project management
firms, employers, and operators. Consequently, the sample is considered appropriate for
an exploratory evaluation of 3DP adoption readiness within the Egyptian construction
industry, while the distribution of respondents” experience is acknowledged as a limitation
of the study.

3.4. Data Analysis Techniques
The analysis was undertaken in two principal stages:
(1) Relative Importance Index (RII):

The Relative Importance Index (RII) was applied to rank the relative significance of
each CSF and barrier. The RII value was calculated using the following formula:

Yw  5N°+4N*+3N%+2N?+IN!

RIT= 25N~ 5x N

where W denotes the weight assigned to each factor (1-5), A represents the maximum
possible weight (5), and N refers to the total number of respondents. Factors yielding
higher RII values were ranked as having greater criticality for 3DP adoption.

(2) Structural Equation Modelling (SEM):
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Following the RII analysis, SEM was conducted using SmartPLS 4 to examine the
proposed Technology-Organization-Environment-based hypotheses and empirically test
the conceptual framework. PLS-SEM was preferred over covariance-based SEM because
this study is prediction-oriented, incorporates multiple latent constructs and indicators,
and examines an emerging technology context in which theoretical development remains
ongoing. Moreover, PLS-SEM is appropriate for moderate sample sizes and does not
impose strict multivariate normality assumptions [40].

The analysis was performed using a two-step procedure:

>  Measurement Model (Outer Model): Reliability and validity were assessed through
Cronbach’s Alpha, Composite Reliability (CR), and Average Variance Extracted (AVE).
>  Structural Model (Inner Model): Path coefficients, R? values, t-statistics, and 95%
confidence intervals, derived from 10,000 bootstrapped samples, were examined to
evaluate the strength and statistical significance of the relationships among constructs.

Model quality was evaluated using R?, adjusted R?, Stone-Geisser’s Q? predictive
relevance, effect sizes (f?), collinearity statistics (inner VIF), and the Standardized Root
Mean Square Residual (SRMR < 0.08), in accordance with the recommended assessment
procedures for PLS-SEM [40]. In addition, discriminant validity was examined using the
heterotrait-monotrait (HTMT) ratio of correlations [44], and common method bias was
assessed statistically through a full-collinearity VIF procedure [45] (Section 4.5).

3.5. Reliability and Validity Testing

The reliability and validity of the measurement model were confirmed through a
series of statistical assessments. Cronbach’s Alpha values for all constructs exceeded 0.7,
demonstrating adequate internal consistency. Composite Reliability (CR) values ranged
from 0.82 to 0.94, indicating strong construct reliability and convergent validity. Further-
more, all Average Variance Extracted (AVE) values were above 0.5, indicating that each
construct accounted for sufficient variance among its observed indicators. Discriminant
validity was assessed using the Fornell-Larcker criterion, cross-loadings, and the HTMT
ratio, with HTMT values below the conservative 0.85 threshold taken to indicate adequate
discriminant validity [44].

3.6. Hypotheses Development

Based on the conceptual framework and literature synthesis, seven hypotheses were
developed to empirically examine the relationships among the identified constructs.
These hypotheses propose that each CSF has a positive influence on 3DPA within the
construction industry:

H1. Well-developed Strategic Project Management (SPM) practices positively influence the
successful implementation of 3DP technology in the construction industry.

H2. Resource and Technology Optimization (RTO), including investment in 3DP technologies and
a qualified workforce, significantly contributes to the successful implementation of 3D Printing in
construction projects.

H3. Active Stakeholder and Client Engagement (SCE) positively supports the successful adoption
of 3DP technology by aligning project objectives with stakeholder expectations.

H4. Innovation and Creativity in Design (ICD), particularly when supported by 3DP applications,
positively influences project efficiency and overall project success.
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H5. Sustainability and Environmental Initiatives (SEI), such as the use of recyclable materials
and reduction in construction waste, contribute to the efficient and sustainable adoption of 3DP
technology in the construction industry.

He6. Policy and Regulatory Considerations (PRC), including robust legal frameworks and gov-
ernmental support, enhance the successful adoption and implementation of 3DP technology in the
construction sector.

H7. Organizational Support (OS), including internal support systems and compliance with
requlatory requirements, positively promotes the successful adoption and implementation of 3DP
technology in the construction sector.

Collectively, these hypotheses transform the identified CSFs into a theory-driven
adoption model, enabling the findings to be interpreted as empirical evidence of how
Technology—Organization-Environment dimensions influence 3DP adoption within a
developing-country construction market. The hypotheses were deliberately specified
as direct effects of the seven CSF constructs on 3DPA. This specification is most faithful
to the TOE framework, which treats the three contexts as parallel antecedents of adoption
rather than as a causal chain [12]; it establishes baseline estimates for the first SEM-based
study of C3DP adoption in Egypt while preserving the a priori statistical power estab-
lished in Section 3.3; and it is consistent with the near-zero correlations among the seven
exogenous constructs, which provide no empirical basis for inter-factor pathways such
as OS influencing SPM or PRC influencing RTO. Conceptually plausible mediation and
interaction mechanisms are identified as an agenda for future longitudinal research in
Section 5.2.

4. Results and Discussion
4.1. Preliminary Data Examination

Before applying RII and PLS-SEM, the questionnaire responses were screened for
completeness, consistency, and suitability for statistical analysis. Incomplete or invalid
responses were excluded, resulting in 157 valid responses for the final analysis. This
preliminary screening helped reduce missing data and ensured the dataset was appropriate
for both barrier ranking and structural model estimation.

4.2. Respondent Profile

The survey yielded 157 valid responses, reflecting a diverse yet industry-focused
sample. Approximately 93% of respondents were construction industry professionals,
reinforcing the practical relevance of the collected data. Among these participants, 59% were
affiliated with contracting firms, followed by respondents employed in project-management
organizations and consultancy companies.

A substantial share of respondents had 0-5 years of professional experience (62.4%),
while 51.6% indicated that they were unfamiliar with the application of 3D Printing in
construction. Rather than considering this solely as a limitation, the study interpreted
it as an indicator of adoption readiness, as limited awareness among early-career and
industry-oriented professionals reflects the restricted diffusion of 3DP knowledge in Egypt.
Nevertheless, this sample profile is explicitly recognized as a study limitation, since percep-
tions of 3DP may vary among highly experienced practitioners and respondents with direct
exposure to additive construction projects. This profile can influence the results through
two mechanisms: respondents unfamiliar with C3DP evaluate expected rather than experi-
enced enablers, which can introduce optimism bias and blur distinctions between adjacent
constructs, while early-career respondents may over-weight training and digital-workflow
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considerations relative to the contractual, liability, and financing constraints that senior
practitioners would emphasize. These caveats reinforce the interpretation of the findings
as perception-based evidence of adoption readiness and motivate the expert-panel and
stratified follow-up designs recommended in Section 5.2.

4.3. Relative Importance Index (RII)—Analysis of Barriers

To identify the principal obstacles hindering 3DP adoption within the Egyptian con-
struction industry, the Relative Importance Index (RII) was applied to all barrier variables
extracted from the survey. Respondents evaluated the severity of each challenge using a
five-point Likert scale.

During the preliminary literature synthesis, 32 potential barriers to 3DP implemen-
tation in construction were identified and classified into six categories: material and
equipment issues; design and technical challenges; worksite and environmental risks;
labour and management challenges; regulatory and economic barriers; and awareness and
cultural barriers (Table 2). During the instrument-development procedure described in
Section 3.3, these 32 barriers were screened by the content-validity panel and in the pilot
test against three criteria: contextual relevance to current Egyptian construction practice;
non-redundancy, whereby closely overlapping literature items were merged into single
survey items; and questionnaire economy;, to limit respondent fatigue given the 39 indi-
cators already required for the measurement model. This screening yielded 17 survey
items covering all six categories—three items each for material and equipment issues (ME),
design and technical challenges (DTC), worksite and environmental risks (WER), labour
and management challenges (LMC), and regulatory and economic barriers (RE), and two
items for awareness and cultural barriers (AC)—each coded by category and rated by
respondents as described in Section 3.3.

Among these barriers, one that received unanimous agreement from all respondents
was classified under design and technical limitations: the lack of knowledge and compe-
tence in 3D-printed design concepts. This finding reflects the limited exposure of Egyptian
professionals to additive design methodologies and the absence of specialized training
related to digital fabrication workflows.

Furthermore, the five most critical barriers, according to the Relative Importance Index
(RII) ranking, were concentrated in two categories: labour and management challenges
and awareness and cultural barriers. The most significant barrier was the inaccuracy of
project budgeting and scheduling for 3DP projects (RII = 0.920), followed by the lack of
qualified project managers with adequate technical expertise (RII = 0.916). The third-ranked
barrier concerned the shortage or unavailability of skilled labor capable of operating and
maintaining 3DP equipment (RII = 0.913). The fourth barrier reflected cultural resistance
within the industry, specifically the reluctance to adopt emerging construction technologies
(RIL = 0.912). The fifth-ranked barrier was insufficient awareness among professionals of
the potential advantages and efficiencies of 3DP (RII = 0.904). Table 6 presents the Relative
Importance Index results for the barriers to 3DP adoption, along with their rankings and
assigned Importance levels. For clarity, the importance bands in Table 6 are colour-coded,
and the five highest-ranked barriers are additionally visualized in Figure 5.

These findings suggest that the most significant barriers to 3DP adoption in Egypt
are primarily organizational, cultural, and managerial rather than purely technological.
Although technical limitations persist, the major challenges stem from deficiencies in
project leadership, managerial preparedness, and overall awareness of 3DP capabilities.
Consequently, the successful diffusion of this technology will require targeted interventions
focused on professional training, educational development, and broader industry mindset
transformation to enhance confidence in and acceptance of digital construction practices.
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Table 6. Relative importance of 3D printing adoption barriers in the Egyptian construction industry.

Criterion RII Rank Importance Level
LMC3 0.920 1 High (H)
LMC2 0.916 2 High (H)
LMC1 0.913 3 High (H)

AC2 0.912 4 High (H)
AC1 0.904 5 High (H)
DTC2 0.884 6 High (H)
DTC1 0.883 7 High (H)
DTC3 0.883 7 High (H)
RE3 0.850 9 High (H)
RE1 0.850 9 High (H)
ME2 0.839 11 High (H)
RE2 0.838 12 High (H)
ME3 0.838 12 High (H)
ME1 0.828 14 High (H)
WER1 0.815 15 High (H)
WER2 0.806 16 High (H)
WER3 0.800 17 High-Medium (H-M)

Note: Each code denotes a surveyed barrier item within its category (numbering reflects the item order
within the category): DTC = design and technical challenges; LMC = labour and management challenges;
AC = awareness and cultural barriers; ME = material and equipment issues; RE = regulatory and economic barriers;
WER = worksite and environmental risks. Full barrier statements are provided in Table 2. Importance bands:
High (H, RII > 0.80, green); High-Medium (H-M, 0.60 < RII < 0.80, amber).
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Figure 5. Top five Rll-ranked barriers to construction 3DP adoption in Egypt. Barrier codes (de-
fined in Tables 2 and 6): LMC3 = inaccurate project budgeting and scheduling for 3DP projects;
LMC2 = lack of qualified project managers with adequate 3DP expertise; LMC1 = shortage of skilled
labour for operating and maintaining 3DP equipment; AC2 = cultural resistance to adopting emerging
construction technologies; AC1 = insufficient awareness of the advantages of 3DP.
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4.4. Measurement Model Evaluation

The measurement model was evaluated using SmartPLS 4 to examine internal consis-
tency, convergent validity, and indicator reliability. Most indicator loadings exceeded the
recommended threshold of 0.70, while all retained indicators met the minimum acceptable
criterion. As shown in Table 7, Cronbach’s Alpha (x) and Composite Reliability (pa and pc)
ranged from acceptable to excellent across all constructs, and AVE values exceeded 0.50,
thereby confirming convergent validity.

Discriminant validity was confirmed using the Fornell-Larcker criterion and cross-
loading assessment. Each construct exhibited a square root of AVE greater than its correla-
tions with the other constructs, while each item showed its highest loading on its desig-
nated construct. These results confirm the distinctiveness of the Technology—Organization—
Environment-based constructs. Discriminant validity was further examined using the
heterotrait-monotrait ratio of correlations (HTMT) [44], reported in Table 8. All HTMT
values are below the conservative threshold of 0.85: the largest value (0.600) concerns
the SPM-3DPA pair, and all values among the seven exogenous CSF constructs are be-
low 0.23. Notably, the HTMT value between OS and SPM is 0.034, confirming that these
two conceptually related constructs—top-management commitment and resource avail-
ability (OS) versus project planning, scheduling, and leadership practices (SPM)—are
empirically distinct.

Table 7. Construct reliability and convergent validity tests.

Constructs Items  Outer Loadings "7 TR AR CoRReRte iy () Extracied (AVD)
ICD1 0.867
ICD2 0.800

ICD ICD3 0.719 0.865 0.942 0.899 0.640
ICD4 0.799
ICD5 0.809
0S1 0.854

0s OS2 0.719 0.744 0.783 0.852 0.660
08S3 0.872
RTO1 0.822
RTO2 0.782

RTO RTO3 0.851 0.900 0.913 0.926 0.716
RTO4 0.856
RTO5 0.914
SCE1 0.875
SCE2 0.872

SCE SCE3 0.826 0.908 0.923 0.931 0.729
SCE4 0.855
SCE5 0.840
SEIl 0.842
SEI2 0.792

SEI SEI3 0.882 0.873 0.910 0.907 0.662
SEI4 0.758
SEI5 0.788
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Table 7. Cont.
. Cronbach’s Alpha Composite Composite Average Variance
Constructs  Items  Outer Loadings () Reliability (0a)  Reliability (o)  Extracted (AVE)
SPM1 0.862
SPM2 0.776
SPM SPM3 0.825 0.841 0.843 0.893 0.677
SPM4 0.827
SDPA 0.927
1
3DPA 0.901
2
SDPA 0.936
3
3[1PA 0.931
3DPA DPA 0.976 0.976 0.980 0.858
3 0.948
5
SDPA 0.916
6
SDPA 0.916
7
3DPA 0.933
8
PRC1 0.772
PRC2 0.830
PRC PRC3 0.887 0.856 0.958 0.897 0.687
PRC4 0.822
Note: Construct abbreviations are defined in the caption of Figure 4. pa and pc denote composite reliability;
AVE = average variance extracted.
Table 8. Discriminant validity (heterotrait-monotrait ratio, HTMT).
Construct 3DPA ICD OS PRC RTO SCE SPM SEI
3DPA
ICD 0.359
oS 0.411 0.168
PRC 0.136 0.037 0.029
RTO 0.388 0.120 0.013 0.221
SCE 0.371 0.014 0.049 0.060 0.013
SPM 0.600 0.070 0.034 0.031 0.001 0.062
SEI 0.298 0.106 0.151 0.209 0.078 0.065 0.058

Note: All HTMT values are below the conservative threshold of 0.85 [44].

4.5. Common Method Bias Consideration

Because the empirical data were collected from a single informant using a single ques-

tionnaire administered at a single point in time, common method bias (CMB) was addressed

through both procedural and statistical remedies. Procedurally, responses were collected

anonymously; the predictor and outcome items were placed in separate, clearly delineated

sections of the questionnaire, providing psychological separation; a brief definition of each
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construct preceded its items; and item wording was kept neutral and construct-specific
to reduce ambiguity and response-pattern bias. Statistically, CMB was assessed using
the full-collinearity variance inflation factor (VIF) procedure [45], in preference to the less
sensitive Harman'’s single-factor test [46]. The full-collinearity VIFs of the seven exogenous
constructs range from 1.320 to 2.290, all below the conservative threshold of 3.3, indicating
that no pathological common variance contaminates the predictors; the corresponding
value for the endogenous construct equals 1/(1 — R?) by definition and therefore reflects
the model’s explanatory power rather than an independent bias diagnostic. Two fea-
tures of the results further argue against substantial CMB: the latent correlations among
the seven CSF constructs are near zero (Ir| = 0.001-0.194; Table 9), a pattern incompati-
ble with a pervasive method factor, which would systematically inflate the correlations
among all same-method constructs [46]; and the high explained variance of the structural
model arises from the additive contribution of seven quasi-orthogonal predictors rather
than from a single dominant common dimension. Nevertheless, the reliance on single-
source, cross-sectional perception data remains a limitation, acknowledged in Section 5.2,
and future research should employ marker variables, multi-wave measurement, or
multi-informant designs.

Table 9. Discriminant validity (Fornell-Larcker criterion).

Construct 3DPA ICD (O] PRC RTO SCE SPM SEI
3DPA 0.926
ICD 0.330 0.800
oS 0.350 0.135 0.812
PRC 0.124 0.032 —0.023 0.829
RTO 0.364 —0.106 —0.011 —0.194 0.846
SCE 0.349 —0.012 —0.040 0.053 0.012 0.854
SPM 0.544 0.060 0.027 0.026 —0.001 0.054 0.823
SEI 0.275 0.092 0.122 —0.181 0.069 —0.058 0.050 0.814

4.6. Structural Model Evaluation and Hypothesis Testing

After evaluating the measurement model, the structural model was evaluated using
a 10,000-sample bootstrapping procedure. The analysis considered standardized path
coefficients (f3), t-statistics, p-values, 95% confidence intervals, f2 effect sizes, and inner VIF
values, as reported in Table 10 and visualized in Figure 6. The findings indicate that all
7 Technology-Organization—-Environment-based predictors exerted positive, statistically
significant effects on 3DP adoption. In addition, all VIF values were substantially below
the conservative threshold of 5, confirming that multicollinearity did not bias or inflate
the structural estimates. The 95% confidence intervals of all path coefficients, computed
from the bootstrap standard errors, exclude zero (Table 10), corroborating the robustness of
these effects.

The strongest predictor was Strategic Project Management (SPM; 3 = 0.4851), followed
by Resource and Technology Optimization (RTO; 3 = 0.4195) and Stakeholder and Client
Engagement (SCE; 3 = 0.3343). This finding indicates that 3DP adoption in Egypt is
primarily shaped by organizational project-management capability, technical and resource
readiness, and effective stakeholder alignment.

The overall model quality criteria further confirm the structural model’s strong ex-
planatory and predictive performance. The R? = 0.816 demonstrates that the Technology—
Organization—-Environment-based CSFs explain more than 81% of the variance in 3DP
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adoption, while the adjusted R? = 0.807 confirms that this explanatory strength is not
attributable solely to model complexity. Moreover, Q? = 0.789 indicates strong predictive
relevance, SRMR = 0.057 meets the recommended PLS-SEM fit threshold, and RMSE = 0.467
reflects an acceptable level of predictive error (Table 11). These results support the robust-
ness of the proposed TOE-based framework and justify its use as a roadmap for adopting
3DP in developing infrastructure contexts.

Table 10. Path analysis results.

Paths B Value STDEV T Statistics p-Values VIF F-Square 95% CI
ICD — 3DPA 0.2831 0.0333 8.5091 0.0000 1.0413 0.418 [0.218, 0.348]
OS — 3DPA 0.2948 0.0387 7.6218 0.0000 1.0326 0.457 [0.219, 0.371]
PRC — 3DPA 0.2128 0.0604 3.5234 0.0004 1.0752 0.229 [0.094, 0.331]
RTO — 3DPA 0.4195 0.0367 11.4264 0.0000 1.0530 0.908 [0.348, 0.491]
SCE — 3DPA 0.3343 0.0438 7.6335 0.0000 1.0102 0.601 [0.248, 0.420]
SPM — 3DPA 0.4851 0.0419 11.5881 0.0000 1.0102 1.266 [0.403, 0.567]
SEI — 3DPA 0.2178 0.0423 5.1510 0.0000 1.0637 0.242 [0.135,0.301]

Note: All hypothesized paths were positive and statistically significant, and no 95% confidence interval includes
zero; therefore, H1-H7 were supported. 95% CI = 95% confidence interval computed from the bootstrap standard
errors (10,000 resamples) as 3 &= 1.96 x SE.
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Figure 6. Path coefficients () and effect sizes (f2) of the seven critical success factor constructs on
construction 3D printing adoption (3DPA).

Table 11. Results of model quality criteria.

Variable R? adj R? Q? SRMR RMSE
3DPA 0.816 0.807 0.789 0.057 0.467

5. Discussion

The findings offer a clearer understanding of 3DP adoption in the Egyptian construc-
tion industry when interpreted through the Technology—-Organization-Environment (TOE)
framework. The results indicate that adoption depends not only on the availability of 3D
printing equipment but also on organizations’ capacity to manage, coordinate, and control
this emerging construction approach.
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Strategic Project Management (SPM) emerged as the strongest predictor of 3DP adop-
tion. This demonstrates that effective leadership, systematic planning, accurate scheduling,
and adaptive management practices are essential for integrating 3DP into construction
projects. In the Egyptian context, 3DP adoption would require adjustments in procurement,
design coordination, material planning, quality control, and site management. Accord-
ingly, strong project management capability represents a fundamental requirement for
successful implementation.

Resource and Technology Optimization (RTO) also demonstrated a strong positive
effect. This confirms that 3DP adoption requires more than the acquisition of new equip-
ment. It depends on the availability of appropriate printers, printable materials, trained
operators, digital modelling tools, maintenance planning, and reliable suppliers. This is
particularly important in developing markets, where supply chains, technical expertise,
and material availability may remain constrained.

Stakeholder and Client Engagement (SCE) was also identified as a significant driver of
adoption. Since 3DP introduces new technical, legal, and performance-related uncertainties,
stakeholders may express concerns regarding structural reliability, liability, safety, and long-
term durability. Therefore, transparent communication, workshops, demonstrations, and
continuous engagement are necessary to build confidence and promote broader acceptance
of the technology.

Organizational Support (OS) exerted a positive influence on 3DP adoption, highlight-
ing the Importance of top management commitment, resource allocation, and internal
institutional support. Emerging technologies are unlikely to be successfully implemented
when treated merely as technical experiments. Rather, they require sustained organiza-
tional commitment through training initiatives, pilot projects, supplier collaboration, and
effective coordination among design, construction, and material teams.

Innovation and Creativity in Design (ICD) also demonstrated a significant effect, con-
firming that design capability is a critical factor in realizing the full potential of 3DP. The
benefits of 3DP are maximized when design teams utilize its capabilities to generate com-
plex geometries, reduce formwork requirements, enhance material efficiency, and integrate
BIM-based workflows. Accordingly, future implementation should emphasize design-
for-additive-construction principles rather than limiting 3DP applications to conventional
design approaches.

Sustainability and Environmental Initiatives (SEIs) showed a significant but moderate
effect. This suggests that sustainability is an important motivation for 3DP adoption;
however, it may not be sufficient on its own without strong managerial and technical
readiness. 3DP can contribute to sustainable infrastructure by reducing waste, minimizing
formwork, improving material efficiency, and supporting safer construction practices.
Nevertheless, these benefits should be further validated through life-cycle assessments,
embodied-carbon analysis, and project-level performance comparisons.

Policy and Regulatory Considerations (PRCs) were also significant, although they ex-
hibited the weakest effect among the predictors. This indicates that regulations, standards,
certification mechanisms, and liability frameworks remain important; however, practition-
ers may currently prioritize factors that are more directly controllable, such as management
capability, resource availability, training, and stakeholder coordination. As 3DP becomes
more widely implemented, regulatory and approval requirements are expected to play a
more influential role in large-scale adoption.

In interpreting these results, it is also necessary to consider the specific character-
istics of C3DP that either enhance or hinder its adoption. The principal technological
attractions are speed and versatility: extrusion-based systems can produce wall elements
considerably faster than conventional formwork-based methods and can realize complex
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geometries at little additional cost [19,22]. However, these advantages are conditional.
Cost and productivity analyses show that the economic benefit of digital fabrication is
greatest for customized or geometrically complex elements and diminishes for simple,
repetitive components [22]. Adoption therefore requires substantial and partly irreversible
investments in printing equipment, printable-material development, and digital design
infrastructure, which are particularly onerous in developing markets exposed to currency
volatility and import dependence [8,11]. Equally demanding is the human dimension: op-
erators, designers, and project managers require systematic retraining, and organizational
structures must be reconfigured around digital workflows, new quality-control regimes,
and unfamiliar procurement and liability arrangements [10,24]. The dominance of SPM
and RTO in the structural model is consistent with this interpretation, indicating that
the restructuring of management practices and resource bases—rather than the printing
technology itself—constitutes the binding constraint on adoption in Egypt.

The sample characteristics should also be considered when interpreting the findings.
Although the 157 valid responses are appropriate for PLS-SEM analysis, a substantial
proportion of respondents were early-career professionals, and more than half reported
limited familiarity with 3DP, which may have influenced their perceptions. Nevertheless,
this low level of familiarity is itself an important finding, as it reflects the limited diffusion of
3DP knowledge within the Egyptian construction industry. The interpretive consequences
of this profile are detailed in Section 4.2. At the same time, the sample remains informative
for the study’s stated purpose: in a market where C3DP diffusion is minimal, a large
population of implementation-experienced experts does not yet exist, and the perceptions
of the practitioner cohort that will carry out early adoption (93% industry professionals) are
precisely the readiness conditions the framework is designed to capture. Follow-up studies
should nevertheless prioritize expert-only panels—senior contractors, project managers,
technology suppliers, regulators, and clients with direct 3DP project experience—alongside
stratified comparisons by familiarity, professional experience, and organization type.

Overall, the results indicate that 3DP adoption in Egypt should proceed through a
gradual and structured implementation pathway. The first stage should prioritize aware-
ness development, professional training, and pilot projects. The second stage should focus
on establishing local material supply chains, BIM-to-print workflows, and cost and sched-
ule benchmarks. The third stage should address the development of regulatory procedures,
certification systems, and liability frameworks. This phased approach aligns with the TOE
framework by demonstrating that successful adoption depends on technological readiness,
organizational capability, and supportive external conditions. In the Egyptian setting,
these stages can draw on the conditions identified in Section 1—domestic availability of
cementitious materials, the repetitive typologies of state housing programmes, and open
desert sites suited to gantry systems—while prioritizing printable-mixture certification and
reinforcement detailing consistent with national design codes.

5.1. Additional Discussion and Implications

The overall pattern of results indicates that adopting 3DP construction in Egypt should
be understood as a combined managerial, technological, and environmental transition. The
dominance of SPM, RTO, and SCE suggests that organizations must first establish strong
project governance, resource readiness, and stakeholder confidence before large-scale
adoption can occur. This finding is consistent with the TOE logic, in which technologi-
cal innovation becomes viable only when internal organizational capacity and external
acceptance develop together.

From a sustainability perspective, the findings are important because 3DP is not only
a digital construction method but also a potential pathway to reduce waste, minimize form-
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work, improve material efficiency, and support safer construction environments. However,
the moderate effect of SEI suggests that sustainability benefits alone may not drive adoption
unless they are translated into measurable project advantages, such as cost savings, time
reduction, lower material consumption, and improved life-cycle performance. To make this
contribution verifiable, the framework can be linked to measurable sustainability outcome
indicators. Formwork elimination and near-net-shape deposition can translate into quan-
tifiable reductions in construction waste, with review studies reporting savings of roughly
30-60% relative to conventional formed concrete [3,4,11]; topology-optimized and hollow-
core printed sections can reduce material consumption per structural element [11,19];
automated deposition can remove workers from hazardous manual tasks, with the poten-
tial to improve safety performance [11,25]; and the cost comparison documented in Table 4
illustrates potential affordability gains for standard wall elements. Life-cycle evidence is
more conditional: LCA studies indicate that the net embodied-carbon and energy balance
of printed elements depends critically on binder content and mix design, and cement-rich
printable mixes can offset the geometric material savings [2,17,26]. Accordingly, future
applications of the framework should pair each TOE context with explicit key perfor-
mance indicators—waste intensity (kg/m?), embodied carbon (kgCO,e/m?), material-use
efficiency, energy consumption, recordable safety incidents, affordability, and life-cycle
cost—so that adoption readiness can be evaluated against verified sustainability outcomes
rather than perceptions alone. It should be emphasized that these sustainability benefits
remain prospective for Egypt: they are reported in the international literature but have yet
to be demonstrated empirically in Egyptian C3DP projects.

Theoretically, the study extends the classical TOE framework [12] in three respects
rather than merely re-validating it. First, it decomposes the three generic TOE contexts into
seven measurable, construction-specific CSF constructs, thereby converting an explanatory
taxonomy into a testable structural model. Second, it quantifies the relative explanatory
weight of each context, demonstrating that, in a developing market, the organizational
dimension (SPM, OS) and technology-resource readiness (RTO) dominate the environmen-
tal dimension (SCE, SEI, PRC)—an ordering that the classical TOE formulation does not
predict a priori. Third, it positions sustainability orientation (SEI) as an explicit, empirically
distinct environmental sub-construct, extending TOE’s traditional treatment of the external
environment as chiefly regulatory and competitive. In practice, the results provide construc-
tion firms and policymakers with a prioritization logic: managerial capability and resource
optimization should be strengthened first, followed by broader stakeholder education,
design innovation, and regulatory development. Two further clarifications follow. The
seven constructs were not selected arbitrarily: they emerged from the systematic synthesis
in Section 2.4 (Table 5) as the enabler domains most frequently and consistently associated
with C3DP implementation success, and they jointly operationalize all three TOE contexts
without conceptual overlap, as confirmed empirically by the discriminant-validity results
in Section 4.4. Moreover, the Egyptian evidence indicates that the TOE mechanism operates
differently in a developing market than is commonly reported for advanced economies,
where regulatory frameworks and technological maturity typically act as the proximate
enablers of digital-construction adoption [8,11,14]. Here, policy and regulation exhibited
the weakest effect (3 = 0.213), and managerial capability the strongest (3 = 0.485), implying
that, in early-diffusion, resource-constrained settings, the binding constraints are internal
capabilities rather than external institutions. This ordering constitutes a context-specific
boundary condition for TOE-based adoption research in developing countries [10,11,47,48].
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5.2. Limitations and Future Research

The study has several limitations, which correspond directly to the methodological
choices reported in Section 3. First, consistent with the purposive sampling strategy justi-
fied in Section 3.3, the sample was obtained through a non-probability sampling method
and may therefore over-represent technology-aware and contractor-affiliated professionals;
the associated selection bias limits representativeness across all stakeholder groups in the
Egyptian construction sector. Second, the respondent profile included a considerable pro-
portion of early-career professionals (62.4% with 0-5 years of experience) and a majority of
participants with limited familiarity with construction 3DP (51.6%); therefore, the findings
should be interpreted as evidence of current adoption readiness rather than as definitive
expert consensus. Third, although the sample satisfies the statistical power requirements es-
tablished in Section 3.3, statistical adequacy does not equate to population generalizability,
and the single-country design restricts the transferability of the findings to other developing
markets. Fourth, the study is survey-based and does not incorporate a comprehensive case
study of an actual 3D-printed infrastructure project; the case-study benchmarking added
in Section 2.3 relies on secondary sources. Future research should validate the proposed
framework using direct project case studies, expert-only samples, longitudinal data, and
comparative analyses across different developing countries. Fifth, all constructs—including
3DPA—were measured through self-reported perceptions collected at a single point in
time from single informants; although the full-collinearity diagnostics (Section 4.5) and
the HTMT results (Section 4.4) indicate that neither common method bias nor construct
redundancy materially affected the estimates, the cross-sectional, perception-based design
precludes causal verification against observed implementation behaviour, and future re-
search should employ marker variables, multi-wave measurement, or multi-informant
designs. Finally, the structural model was deliberately specified with direct effects only,
consistent with the parallel-antecedent logic of the TOE framework (Section 3.6). However,
the near-zero correlations among the seven CSFs (Table 8) provide no empirical support for
mediation among them in the present data. Conceptually plausible mechanisms—such as
organizational support enabling strategic project management or policy support stimulat-
ing resource and technology investment—should be examined in future longitudinal or
multi-wave studies. Future studies should also segment responses by familiarity with 3DP
and professional experience.

6. Conclusions

This study developed and empirically tested a Technology—Organization-Environment-
based framework for evaluating the critical success factors influencing construction 3D
printing adoption in the Egyptian construction industry. Because the model was estimated
from perception survey data collected at an early stage of C3DP diffusion, the framework
is best characterized as an empirically tested adoption-readiness framework grounded
in perception survey data rather than as a verification of implementation performance.
Using RII and SmartPLS-based PLS-SEM, the study confirmed that the combined effects
of technological, organizational, and environmental contexts shape 3DP adoption. The
results indicate that SPM, RTO, and SCE are the strongest predictors of adoption, followed
by OS, ICD, SEI, and PRC. All seven hypothesized relationships were supported; PRC
exerted a positive and statistically significant effect, although its coefficient was the lowest
among the predictors. This suggests that regulatory clarity remains important, while firms
currently perceive project management capability, resource readiness, and stakeholder con-
fidence as more immediate drivers of adoption. The principal theoretical contribution of
the study therefore extends beyond empirical testing: by disaggregating the TOE contexts
into seven measurable CSF constructs, quantifying their relative influence, and embedding
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sustainability as an explicit environmental sub-dimension, the study transforms the TOE
framework into an operational, weight-ranked adoption model for construction 3DP in
developing economies.

The findings are directly relevant to sustainable infrastructure development, as 3DP
can contribute to waste reduction, material optimization, safer automated construction,
design flexibility, and improved project delivery efficiency. The empirically tested frame-
work can assist contractors, consultants, policymakers, and technology providers in pri-
oritizing the conditions required for responsible and scalable 3DP implementation. In
practical terms, the results support a scalable, three-stage implementation pathway for
Egypt and comparable developing countries: (i) awareness building, professional training,
and government-sponsored pilot projects to establish managerial and technical readiness;
(ii) development of local printable-material supply chains, BIM-to-print workflows, and
cost and schedule benchmarks to embed the technology in mainstream procurement; and
(iii) codification of regulatory procedures, certification schemes, and liability frameworks
to enable large-scale, safety-assured deployment. Because the framework constructs are
not country-specific, the empirically tested model can be recalibrated in other develop-
ing markets to guide analogous adoption roadmaps. Future studies should examine the
framework through actual 3DP pilot projects, infrastructure case studies, and longitudinal
research that monitors the development of technological maturity, workforce readiness, and
regulatory progress. Further research should also compare responses from practitioners
who are familiar and unfamiliar with 3DP to enhance the model’s explanatory power.

7. Recommendations

1.  Develop pilot-scale 3DP projects to demonstrate technical feasibility, cost implications,
and sustainability benefits within the Egyptian construction context.

2. Establish specialized training programs for project managers, engineers, BIM special-
ists, and site operators to improve workforce readiness for additive construction.

3. Strengthen local material supply chains and encourage testing of printable materials
that satisfy buildability, pumpability, durability, and sustainability requirements.

4. Promote BIM-to-print workflows and digital design practices to improve coordination
between design, fabrication, and construction teams.

5. Develop clear regulatory procedures, certification requirements, and liability frame-
works to support safe and scalable adoption of 3DP in construction projects.
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