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The convergence of 4D, 5D, and 6D printing technologies with the Architecture, Engineering, and 
Construction (AEC) sector has ushered in an era of unparalleled innovation and e�ciency. This study 
delves into the diverse applications, obstacles, and forthcoming advancements of these cutting-edge 
printing technologies within the AEC industry. 4D printing, marked by materials that can 
self-transform or assemble over time, has revolutionized architectural design by enabling dynamic 
structures that respond to environmental stimuli. 5D printing seamlessly integrates cost estimation 
into the fabrication process, ensuring real-time project budgeting and management. Additionally, 6D 
printing incorporates environmental and sustainability data, providing architects and engineers with 
insights into the long-term environmental impact of their designs. These applications collectively 
enhance the AEC industry's capacity to create structures that are sustainable, cost-e�ective, and 
adaptable. Despite the promising applications, challenges persist. Material constraints, scalability of 
production, and the need for standardized processes present signi�cant obstacles. Furthermore, 
integrating intricate data streams for 5D and 6D printing demands robust computational algorithms 
and e�cient data management systems. Ethical concerns surrounding intellectual property, data 
security, and environmental impact also require careful consideration. To surmount these challenges, 
ongoing research focuses on advancing material science, innovative fabrication techniques, and the 
development of intelligent algorithms. Collaboration among interdisciplinary teams, including 
architects, engineers, computer scientists, and environmental experts, is crucial to unlocking the full 
potential of these technologies. Additionally, the integration of arti�cial intelligence and machine 
learning algorithms holds the promise of streamlining the design process, optimizing material usage, 
and enhancing predictive modeling. This approach paves the way for a more sustainable and e�cient 
AEC industry. Embracing these advancements is essential for the AEC sector to navigate the 
complexities of modern architecture, ensuring a sustainable and resilient built environment for future 
generations.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References
1. Blanco JL, Fuchs S, Parsons M, Ribeirinho MJ. Arti�cial 

intelligence: Construction technology's next frontier. Building 
Economist. 2018:7-13.

2. Pan Y, Zhang L. Roles of arti�cial intelligence in construction engineering 
and management: A critical review and future trends. Autom Constr. 
2021;122:103517. https://doi.org/10.1016/j.autcon.2020.103517

3. Abioye SO, Oyedele LO, Akanbi L, Ajayi A, Delgado JM, Bilal M, et 
al. Arti�cial intelligence in the construction industry: A review of 
present status, opportunities and future challenges. J Build Eng. 
2021;44:103299. https://doi.org/10.1016/j.jobe.2021.103299

4. Zhang L, Pan Y, Wu X, Skibniewski MJ. Arti�cial intelligence in 
construction engineering and management. Singapore:: Springer; 
2021. 

5. Forsythe DE. �e construction of work in arti�cial intelligence. 
Science, technology, & human values. 1993;18(4):460-479. 
https://doi.org/10.1177/016224399301800404

6. Mohammadpour A, Karan E, Asadi S. Arti�cial intelligence 
techniques to support design and construction. InISARC. 
Proceedings of the International Symposium on Automation and 
Robotics in Construction. 2019;36:1282-1289.         .  
https://doi.org/10.22260/ISARC2019/0172 

7. Elmousalami HH. Arti�cial intelligence and parametric construction 
cost estimate modeling: State-of-the-art review. J Constr Eng Manag. 
2020;146(1):03119008. https://doi.org/10.1061/(ASCE)CO.1943-7862.0001678

8. Baduge SK, �ilakarathna S, Perera JS, Arashpour M, Shara� P, 
Teodosio B, et al. Arti�cial intelligence and smart vision for 
building and construction 4.0: Machine and deep learning 
methods and applications. Autom Constr. 2022;141:104440. 
https://doi.org/10.1016/j.autcon.2022.104440 

9. Pacillo GA, Ranocchiai G, Loccarini F, Fagone M. Additive 
manufacturing in construction: A review on technologies, processes, 
materials, and their applications of 3D and 4D printing. Mater Des 
Process Commun. 2021;3(5):e253. https://doi.org/10.1002/mdp2.253

10. Kumar SB, Jeevamalar J, Ramu P, Suresh G, Senthilnathan K. 
Evaluation in 4D printing–a review. Mater Today: Proc. 
2021;45:1433-1437. https://doi.org/10.1016/j.matpr.2020.07.335

11. Aruna R, Mohamed Abbas S, Vivek S, Suresh G, Meenakshi CM, 
Srinivasan T, et al. Evolution of 5D Printing and Its Vast Applications: 
A Review. Recent Advances in Materials and Modern Manufacturing. 
2022:691-714. https://doi.org/10.1007/978-981-19-0244-4_66

12. Reddy PR, Devi PA. Review on the advancements of additive 
manufacturing-4D and 5D printing. Int J Mech Prod Eng Res Dev. 
2018;8(4):397-402. 

13. Georgantzinos SK, Giannopoulos GI, Bakalis PA. Additive 
manufacturing for e�ective smart structures: �e idea of 6D 
printing. J Compos Sci. 2021;5(5):119.         .  
https://doi.org/10.3390/jcs5050119

14. Ghazal AF, Zhang M, Mujumdar AS, Ghamry M. Progress in 
4D/5D/6D printing of foods: Applications and R&D 
opportunities. Crit Rev Food Sci Nutr. 2023;63(25):7399-7422. 
https://doi.org/10.1080/10408398.2022.2045896

15. Singh R. 4D Imaging to 4D Printing: Biomedical Applications. 
CRC Press; 2022.

16. Vasiliadis AV, Koukoulias N, Katakalos K. From three-dimensional 
(3D)-to 6D-printing technology in orthopedics: science �ction or 
scienti�c reality?. J Funct Biomater. 2022;13(3):101.         .  
https://doi.org/10.3390/j�13030101

17. Srivastava S, Pandey VK, Singh R, Dar AH. Recent insights on 
advancements and substantial transformations in food printing 
technology from 3 to 7D. Food Sci Biotechnol. 2023;32(13):1783- 
1804. https://doi.org/10.1007/s10068-023-01352-8

18. Berihun Sitotaw D, Marcel Muenks D, Kostadinov Kyosev Y, Kechi 
Kabish A. Investigation of parameters of fused deposition 
modelling 3d prints with compression properties. Adv Mater Sci 
Eng. 2022;2022(1):4700723. https://doi.org/10.1155/2022/4700723

19. Martinez FC, Paredes M, Gherardini F, Garcia CG. Additive 
manufacturing technologies for sustainable-intelligent structures: 
a new concept of multidimensional printing. DYNA: Ingenieria e 
Industria. 2023;98(1):10-11. https://doi.org/10.6036/10778 

20. Han X, Saiding Q, Cai X, Xiao Y, Wang P, Cai Z, Gong X, Gong W, 
Zhang X, Cui W. Intelligent vascularized 3D/4D/5D/6D-printed 
tissue sca�olds. Nanomicro Lett. 2023;15(1):239.         .  
https://doi.org/10.1007/s40820-023-01187-2

21. Nida S, Moses JA, Anandharamakrishnan C. Emerging applications 
of 5D and 6D printing in the food industry. J Agric Food Res. 
2022;10:100392. https://doi.org/10.1016/j.jafr.2022.100392

22. Niazy D, Ashraf M, Bodaghi M, Zolfagharian A. Resilient city perspective: 
4D printing in art, architecture and construction. Mater Today Sustain. 
2024:100708. https://doi.org/10.1016/j.mtsust.2024.100708

23. Aldawood FK. A comprehensive review of 4D printing: state of the 
arts, opportunities, and challenges. Actuators. 2023;12(3):101. 
https://doi.org/10.3390/act12030101

24. An J, Leong KF. Multi-material and multi-dimensional 3D printing 
for biomedical materials and devices. Biomed Mater & Dev. 
2023;1(1):38-48. https://doi.org/10.1007/s44174-022-00038-9

25. Yu Q, Zhang M, Bhandari B, Li J. Future perspective of additive 
manufacturing of food for children. Trends Food Sci Technol. 
2023;136:120-134. https://doi.org/10.1016/j.tifs.2023.04.009

26. Wan X, Luo L, Liu Y, Leng J. Direct ink writing based 4D printing 
of materials and their applications. Adv Sci. 2020;7(16):2001000. 
https://doi.org/10.1002/advs.202001000

27. Dong Y, Wang S, Ke Y, Ding L, Zeng X, Magdassi S, et al. 4D printed 
hydrogels: fabrication, materials, and applications. Adv Mater 
Technol. 2020;5(6):2000034. https://doi.org/10.1002/admt.202000034

28. Ramezani M, Mohd Ripin Z. 4D printing in biomedical engineering: 
Advancements, challenges, and future directions. J Funct Biomater. 
2023;14(7):347. https://doi.org/10.3390/j�14070347

29. Amiri E, Sanjarnia P, Sadri B, Jafarkhani S, Khakbiz M. Recent 
advances and future directions of 3D to 6D printing in brain 
cancer treatment and neural tissue engineering. Biomed Mater. 
2023;18(5):052005. https://doi.org/10.1088/1748-605X/ace9a4 

30. Zhang B, Li H, Cheng J, Ye H, Sakhaei AH, Yuan C, et al. 
Mechanically robust and UV‐curable shape‐memory polymers for 
digital light processing based 4D printing. Adv Mater. 
2021;33(27):2101298. https://doi.org/10.1002/adma.202101298

31. You D, Chen G, Liu C, Ye X, Wang S, Dong M, et al. 4D printing of 
multi‐responsive membrane for accelerated in vivo bone healing 
via remote regulation of stem cell fate. Adv Funct Mater. 
2021;31(40):2103920. https://doi.org/10.1002/adfm.202103920

32. Foresti R, Rossi S, Pinelli S, Alinovi R, Sciancalepore C, Delmonte 
N, et al. In-vivo vascular application via ultra-fast bioprinting for 
future 5D personalised nanomedicine. Sci Rep. 2020;10(1):3205. 

https://doi.org/10.1038/s41598-020-60196-y
33. Momeni F, Liu X, Ni J. A review of 4D printing. Mater Des. 

2017;122:42-79. https://doi.org/10.1016/j.matdes.2017.02.068
34. Kuang X, Roach DJ, Wu J, Hamel CM, Ding Z, Wang T, et al. 

Advances in 4D printing: materials and applications. Adv Funct 
Mater. 2019;29(2):1805290. https://doi.org/10.1002/adfm.201805290

35. Choi J, Kwon OC, Jo W, Lee HJ, Moon MW. 4D printing 
technology: a review. 3D Print Addit Manuf. 2015;2(4):159-167. 
https://doi.org/10.1089/3dp.2015.0039

36. Sydney Gladman A, Matsumoto EA, Nuzzo RG, Mahadevan L, 
Lewis JA. Biomimetic 4D printing. Nat Mater. 2016;15(4):413-418. 
https://doi.org/10.1038/nmat4544

37. Pei E, Loh GH. Technological considerations for 4D printing: an 
overview. Prog Addit Manuf. 2018;3:95-107.         .  
https://doi.org/10.1007/s40964-018-0047-1

38. Garg C, Jain A. Green concrete: E�cient & eco-friendly 
construction materials. Int J Res Eng Technol. 2014;2(2):259-264. 

39. Waghmode MS, Gunjal AB, Bhujbal NN, Patil NN, Nawani NN. 
Eco-friendly construction. Reusable and sustainable building 
materials in modern architecture. 2019:80-92.         .  
https://doi.org/10.4018/978-1-5225-6995-4.ch004 

40. Chen Y, Zhang Y, Chen T, Zhao Y, Bao S. Preparation of eco-friendly 
construction bricks from hematite tailings. Constr Build Mater. 
2011;25(4):2107-2111. https://doi.org/10.1016/j.conbuildmat.2010.11.025

41. Hwang CL, Huynh TP. Investigation into the use of unground rice husk 
ash to produce eco-friendly construction bricks. Constr Build Mater. 
2015;93:335-341. https://doi.org/10.1016/j.conbuildmat.2015.04.061

42. Zhang LW, Sojobi AO, Liew KM. Sustainable CFRP-reinforced 
recycled concrete for cleaner eco-friendly construction. J Clean 
Prod. 2019;233:56-75. https://doi.org/10.1016/j.jclepro.2019.06.025

43. Cardinale T, D’Amato M, Sulla R, Cardinale N. Mechanical and 
physical characterization of papercrete as new eco-friendly 
construction material. Appl Sci. 2021;11(3):1011.         .  
https://doi.org/10.3390/app11031011

44. Haleem A, Javaid M, Vaishya R. 5D printing and its expected 
applications in Orthopaedics. J Clin Orthop Trauma. 
2018;10(4):809. https://doi.org/10.1016/j.jcot.2018.11.014

45. Anas S, Khan MY, Rafey M, Faheem K. Concept of 5D printing 
technology and its applicability in the healthcare industry. Mater Today: 
Proc. 2022;56:1726-1732. https://doi.org/10.1016/j.matpr.2021.10.391

46. Kumar PR, Tech M, Roy SU, Hegde HA, Bharti S, Kumar M. 4D 
and 5D printing: healthcare's new edge. 3D Print Technol 
Nanomed. 2019;143:143-163. 

47. Lai J, Wang M. Developments of additive manufacturing and 5D 
printing in tissue engineering. J Mater Res. 2023;38(21): 
4692-4725. https://doi.org/10.1557/s43578-023-01193-5

48. Yadav S, Mishra MK. Advancements in Arti�cial 
Intelligence-mediated Fabrication of 3D, 4D, and 5D Printed for 
Fabrication of Drug Delivery Formulations. Drug Deliv Lett. 2024; 
14(4):273-289. https://doi.org/10.2174/0122103031309831240531084125

49. Rane NL, Achari A, Choudhary SP, Mallick SK, Pande CB, 
Srivastava A, Moharir KN. A decision framework for potential 
dam site selection using GIS, MIF and TOPSIS in Ulhas river 
basin, India. J Clean Prod. 2023;423:138890.         .  
https://doi.org/10.1016/j.jclepro.2023.138890

50. Rane NL, Achari A, Saha A, Poddar I, Rane J, Pande CB, Roy R. An 
integrated GIS, MIF, and TOPSIS approach for appraising electric 
vehicle charging station suitability zones in Mumbai, India. Sustain 
Cities Soc. 2023;97:104717. https://doi.org/10.1016/j.scs.2023.104717

51. Gautam VK, Pande CB, Moharir KN, Varade AM, Rane NL, 
Egbueri JC, Alshehri F. Prediction of sodium hazard of irrigation 
purpose using arti�cial neural network modelling. Sustainability. 
2023;15(9):7593. https://doi.org/10.3390/su15097593

52. Rane NL, Anand A, Deepak K. Evaluating the selection criteria of 
formwork system (FS) for RCC building construction. Int J Eng 
Trends Technol. 2023;71(3):197-205.          . 

building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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Industry.
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sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
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Advances in material science, computational modeling, and 
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environment but also contribute to a more sustainable and 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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 While the promise of 4D, 5D, and 6D printing technologies 
is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.

S/N. Aspect Applications Challenges Future Advancements
1 Materials Self-assembling structures

- Adaptive facades Smart construction 
materials
- Shape-memory components
- Programmable Metamaterials

Limited printable materials
Material durability and stability
- Cost constraints

Development of advanced materials
Biodegradable and sustainable options
- Integration of nanotechnology for 

enhanced properties

2 Design
& Modeling

Complex geometric structures
Customizable components

- Responsive designs Programmable
& recon�gurable designs 

- Bio-inspired architectures

- So�ware limitations

- Design complexity

- Integration challenges

- Enhanced design so�ware
- AI-driven design optimization
- Bioinformatics for bio- inspired

solutions

3 Construction Self-assembling infrastructure
On-site assembly automation
- Rapid prototyping

Disaster-responsive structures
Customizable construction

- Limited construction techniques
- Skill training gaps

- Integration hurdles

- Specialized construction techniques
- Robotics for automation

- Standardized construction protocols
- On-demand 4D printing services

4 Sustainability - Reduced material waste

- Energy-e�cient structures
- Recon�gurable buildings
- Pollution-absorbing structures
- Water-responsive architecture

- Environmental impact

- Energy consumption

- Recycling challenges

- Eco-friendly 4D printing materials
- Energy-e�cient printing techniques
- Water-based & biodegradable solutions   

- Recycling innovations

5 Cost & Time Faster construction timelines
- Reduced labor costs

- Initial technology investment 
- R&D costs
- Time-consuming processes

- Economical 4D printing technologies 
- Cost-e�ective materials & supplychain

management- Minimized errors-Customizable & on-
demand construction

- Streamlined supply chain

- Faster R&D cycles 
- On-demand printing services

6 Functionality - Responsive structures Programmable
   components
- Real-timeresponsiveness
- Wearable & bio-integrated architecture
- Interactive installations

- Limited long-term stability 
   understanding-Precision 
   challenges 
- Sensor integration

- Long-term stability studies-Enhanced 
   precision & accuracy
- IoT integration for real-time monitoring
- Bio-sensing technologies

7 Regulatory - Customizable & compliant structures 
- Disaster-resistant designs
- Heritage preservation
- Urban planning solutions 

- Lack of standardized regulations 
- Safety certi�cations
- Legal concerns

- Collaboration for standard guidelines 
- Safety certi�cations for materials
- Legal frameworks for liability issues
- Integration of 4D printing in urban 
   planning policies

Table 1. Applications, challenges, and future advancements of 4D Printing in AEC Industry.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
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cities and communities. Figure 2 shows the di�erence between 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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 While the promise of 4D, 5D, and 6D printing technologies 
is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.

S/N. Aspect Applications Challenges Future Advancements
1 Design and 

Planning
- Rapid prototyping and iteration
- Complex geometries and 
structures
- Customization and 
personalization of designs

- Limited material options
- High initial costs

- Design complexity challenges

- Development of cost- e�ective, high-quality 
materials
- Enhanced design so�ware and tools

- Integration with advanced
BIM systems

2 Construction - On-site construction automation
- Precise and intricate architectural 
elements
- Reduction in construction waste
and time

- Limited size and scale of 3D printers
- Ensuring structural integrity and 
strength of printed components

- Workforce skill gaps

- Large-scale 5D printers tailored for 
construction
- Advanced, robust materials for enhanced 
durability
- Specialized training programs for 
professionals

3 Cost Estimation - Accurate cost estimations through 
real-time data
- Improved project budgeting and
�nancial planning

- Variance analysis and
cost control

- Integration challenges with existing 
cost estimation so�ware

- Data accuracy concerns
- Initial setup costs and ROI 
uncertainties

- Development of specialized cost estimation 
so�ware for 5D printing projects
- Enhanced data analytics and AI-driven cost 
prediction
- Reduced setup costs through technological 
innovations

4 Project 
Management

- Real-time project tracking and
monitoring Enhanced
communication among stakeholders
Streamlined project
scheduling and resource allocation

- Data security and privacy 
considerations
- Compatibility issues with existing 
project management tools
- Resistance to technological adoption

- Secure and encrypted communication 
platforms
- Seamless integration with popular project 
management so�ware
- Demonstrated ROI through industry case 
studies

5 Sustainability - Reduced construction waste and 
material usage
- Lower carbon footprint –
Sustainable material options

- Recycling and disposal of 3D printed 
waste
- Energy consumption of 5D printing 
process

- Development of eco- friendly 5D printing
materials
- Energy-e�cient 5D printing technologies

- Advanced tools for comprehensive lifecycle
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
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must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.

�exural property. Case Stud Constr Mater. 2022;17:e01243. 
https://doi.org/10.1016/j.cscm.2022.e01243

86. Elghaish F, Matarneh ST, Edwards DJ, Rahimian FP, El-Gohary H, 
Ejohwomu O. Applications of Industry 4.0 digital technologies 
towards a construction circular economy: gap analysis and 
conceptual framework. Constr Innov. 2022;22(3):647-670. 
https://doi.org/10.1108/CI-03-2022-0062

87. Panda SK, Daliyet SP, Lokre SS, Naman V. Distributed ledger technology 
in the construction industry using corda. �e New Advanced Society: 
Arti�cial Intelligence and Industrial Internet of �ings Paradigm. 
2022:15-41. https://doi.org/10.1002/9781119884392.ch2

88. Ramli MA, Abu Mansor MS. A Study on Tooling Design 
Procedure for Modeling a Vehicle Part and Its Mold Using 
CAD/CAM System. International Conference on Mechanical 
Engineering Research. 2021:947-957.          . 
https://doi.org/10.1007/978-981-19-1457-7_73

89. Schmitz M, Wiartalla J, Gelfgren M, Mann S, Corves B, Hüsing M. 
A robot-centered path-planning algorithm for multidirectional 
additive manufacturing for WAAM processes and pure object 
manipulation. Appl Sci. 2021;11(13):5759.         .  
https://doi.org/10.3390/app11135759

90. Haleem A, Javaid M. Enablers, barriers, and critical success factors for 
e�ective adoption of color-jet 3D printing technology. J Ind Integr Manag. 
2022;7(04):599-625. https://doi.org/10.1142/S242486221950009X

91. Mittal RK, Haleem A, Kumar A. Advances in additive 
manufacturing: arti�cial intelligence, nature-inspired, and 
biomanufacturing. Elsevier. 2022.

92. Haleem A, Javaid M. Enablers, barriers, and critical success factors for 
e�ective adoption of color-jet 3D printing technology. J Ind Integr Manag. 
2022;7(04):599-625. https://doi.org/10.1142/S242486221950009X

93. Monticeli FM, Neves R, Ornaghi Jr H, Almeida Jr H. Prediction of 
Bending Properties for 3d-Printed Carbon/Epoxy Composites with 
Di�erent Processing Parameters Using Arti�cial Neural Network 
and Statistical Methods. Epoxy Composites with Di�erent 
Processing Parameters Using Arti�cial Neural Network and 
Statistical Methods. 2022. https://dx.doi.org/10.2139/ssrn.4057767

94. André JC. From additive manufacturing to 3D/4D printing 2: 
current techniques, improvements and their limitations. John 
Wiley & Sons; 2017.

95. Tran TS, Balu R, Mettu S, Roy Choudhury N, Dutta NK. 4D 
printing of hydrogels: innovation in material design and emerging 
smart systems for drug delivery. Pharmaceuticals. 2022;15(10): 
1282. https://doi.org/10.3390/ph15101282

96. Titotto S. From sketches and installations to bioinspired 5D 
printing models: Representation interactions for smart cities. 
Handbook of Research on Developing Smart Cities Based on 
Digital Twins. 2021:365-387.

97. Del Giudice M, Osello A, editors. Handbook of research on 
developing smart cities based on digital twins. IGI Global. 2021.

98. Subramanya K, Kermanshachi S, Patel RK. �e future of highway 
and bridge construction: Digital project delivery using integrated 
advanced technologies. International Conference on 
Transportation and Development. 2022:14-25.

99. Subhi M, Uma RN. Modelling and Project Planning of a 
Residential Building by Implementing 5D BIM Technique–A. Int J 
Eng Sci Technol. 2017;11. 

100. Hallén KO, Forsman M, Eriksson A. Interactions between Human, 
Technology and Organization in Building Information Modelling 
(BIM)-A scoping review of critical factors for the individual user. Int J 
Ind Ergon. 2023;97:103480. https://doi.org/10.1016/j.ergon.2023.103480

101. Xu W, Yan W, Song B, He J. Blockchain adoption and strategic 
contracting in a green supply chain considering market 
segmentation. Ind Manag Data Syst. 2023;123(10):2704-2732. 
https://doi.org/10.1108/IMDS-02-2023-0080

102. Chu L, Ding J, Xie Y. Modeling and Analysis of Petri Nets for 
Multimodal Transport “Single Contract” Systems Based on 

Blockchain. Journal of Risk and Uncertainty in Engineering 
Systems, Part A: Civil Engineering. 2024;10(1):04023047. 
https://doi.org/10.1061/AJRUA6.RUENG-1094

103. Varriale V, Cammarano A, Michelino F, Caputo M. Industry 5.0 
and triple bottom line approach in supply chain management: the 
state-of-the-art. Sustainability. 2023;15(7):5712.         .  
https://doi.org/10.3390/su15075712

104. Rane N. Enhancing customer loyalty through Arti�cial 
Intelligence (AI), Internet of �ings (IoT), and Big Data 
technologies: improving customer satisfaction, engagement, 
relationship, and experience. Internet of �ings (IoT), and Big 
Data Technologies: Improving Customer Satisfaction, 
Engagement, Relationship, and Experience. 2023.         .  
https://dx.doi.org/10.2139/ssrn.4616051

105. Rane N. Contribution of ChatGPT and other generative arti�cial 
intelligence (AI) in renewable and sustainable energy. Available at 
SSRN 4597674. 2023. https://dx.doi.org/10.2139/ssrn.4597674

106. Achari A, Rane NL, Gangar B. Framework towards achieving 
sustainable strategies for water usage and wastage in building 
construction. Int J Eng Trends Technol. 2023;71(3):385-394. 
https://doi.org/10.14445/22315381/IJETT-V71I3P241

107. Rane N. Enhancing the quality of teaching and learning through 
ChatGPT and similar large language models: Challenges, future 
prospects, and ethical considerations in education. Future 
prospects, and ethical considerations in education. 2023. 
https://dx.doi.org/10.2139/ssrn.4599104

108. Rane N. Role and Challenges of ChatGPT and Similar Generative 
Arti�cial Intelligence in Finance and Accounting. 2023. 
https://dx.doi.org/10.2139/ssrn.4603206

109. Hassoun A, Cropotova J, Trif M, Rusu AV, Bobiş O, Nayik GA, et 
al. Consumer acceptance of new food trends resulting from the 
fourth industrial revolution technologies: A narrative review of 
literature and future perspectives. Front Nutr. 2022;9:972154. 
https://doi.org/10.3389/fnut.2022.972154

110. Patadiya J, Naebe M, Wang X, Joshi G, Kandasubramanian B. 
Emerging 4D printing strategies for on-demand local actuation & 
micro printing of so� materials. Eur Polym J. 2023;184:111778. 
https://doi.org/10.1016/j.eurpolymj.2022.111778

111. I�ekar SF, Aabid A, Amir A, Baig M. Advancements and limitations in 
3D printing materials and technologies: a critical review. Polymers. 
2023;15(11):2519. https://doi.org/10.3390/polym15112519

112. Farid MI, Wu W, Guiwei L, Yu Z. Research on imminent 
enlargements of smart materials and structures towards novel 4D 
printing (4DP: SMs-SSs). Int J Adv Manuf Technol. 2023;126(7): 
2803-2823. https://doi.org/10.1007/s00170-023-11180-z

113. Liu W, Chen L, McClements DJ, Peng X, Jin Z. Recent trends of 3D 
printing based on starch-hydrocolloid in food, biomedicine and 
environment. Crit Rev Food Sci Nutr. 2024;64(25):8948-8962. 
https://doi.org/10.1080/10408398.2023.2205524

114. Monfared V, Ramakrishna S, Nasajpour-Esfahani N, Toghraie D, 
Hekmatifar M, Rahmati S. Science and technology of additive 
manufacturing progress: processes, materials, and applications. 
Met Mater Int. 2023;29(12):3442-3470.                  . 
https://doi.org/10.1007/s12540-023-01467-x

115. Wu H, Sang S, Weng P, Pan D, Wu Z, Yang J, et al. Structural, 
rheological, and gelling characteristics of starch‐based materials in 
context to 3D food printing applications in precision nutrition. 
Compr Rev Food Sci Food Saf. 2023;22(6):4217-4241.         .  
https://doi.org/10.1111/1541-4337.13217

116. Liu X, Le Bourvellec C, Yu J, Zhao L, Wang K, Tao Y, et al. Trends 
and challenges on fruit and vegetable processing: Insights into 
sustainable, traceable, precise, healthy, intelligent, personalized 
and local innovative food products. Trends Food Sci Technol. 
2022;125:12-25. https://doi.org/10.1016/j.tifs.2022.04.016

117. Wang M, Yin Z, Zeng M. Construction of 3D printable Pickering 
emulsion gels using complexes of �ber polysaccharide-protein 

extracted from Haematococcus pluvialis residues and gelatin for 
fat replacer. Food Hydrocoll. 2023;137:108350.         .  
https://doi.org/10.1016/j.foodhyd.2022.108350

118. Boukid F, Hassoun A, Zouari A, Tülbek MÇ, Me�eh M, 
Aït-Kaddour A, Castellari M. Fermentation for designing 
innovative plant-based meat and dairy alternatives. Foods. 
2023;12(5):1005. https://doi.org/10.3390/foods12051005

119. Uranga J, Carranza T, Peñalba M, de la Caba K, Guerrero P. 
Valorization of agar production residue as a �ller in soy protein 
hydrogels for 3D printing. Int J Bioprinting. 2023;9(4):731. 
https://doi.org/10.18063/ijb.731

120. Abdullah T, İlyasoğlu G, Memić A. Designing lignin-based 
biomaterials as carriers of bioactive molecules. Pharmaceutics. 
2023;15(4):1114. https://doi.org/10.3390/pharmaceutics15041114

121. Wang Y, Zheng G, Jiang N, Ying G, Li Y, Cai X, et al. 
Nature-inspired micropatterns. Nat Rev Methods Primers. 
2023;3(1):68. https://doi.org/10.1038/s43586-023-00251-w

122. Ameta KL, Solanki VS, Singh V, Devi AP, Chundawat RS, Haque S. 
Critical appraisal and systematic review of 3D & 4D printing in 
sustainable and environment-friendly smart manufacturing 
technologies. Sustain Mater Technol. 2022;34:e00481.         .  
https://doi.org/10.1016/j.susmat.2022.e00481

123. Hashmi AW, Mali HS, Meena A, Ahmad S, Tian Y. A novel 
eco-friendly abrasive media based abrasive �ow machining of 3D 
printed PLA parts using IGWO and ANN. Rapid Prototyp J. 2023; 
29(10):2019-2038. https://doi.org/10.1108/RPJ-04-2023-0136

124. Singh R, Gehlot A, Akram SV, Gupta LR, Jena MK, Prakash C, et 
al. Cloud manufacturing, internet of things-assisted 
manufacturing and 3D printing technology: reliable tools for 
sustainable construction. Sustainability. 2021;13(13):7327. 
https://doi.org/10.3390/su13137327

125. Gu Y, Ai W, Zhao Y, Pan L, Lu C, Zong P, Hu X, Xu Z, Wang Y. Remarkable 
thermoelectric property enhancement in Cu 2 SnS 3–CuCo 2 S 4 
nanocomposites via 3D modulation doping. J Mater Chem A. 
2021;9(31):16928-16935. https://doi.org/10.1039/D1TA02812J

126. Lee H, Kim JH, Bae SM, Oh J, Hwang H, Hwang JH. 
�ree-dimensional printing of natural materials involving loess-based 
composite materials designed for ecofriendly applications. Materials. 
2021;14(2):293. https://doi.org/10.3390/ma14020293

127. Rane NL, Choudhary SP, Tawde A, Rane J. ChatGPT is not capable 
of serving as an author: Ethical concerns and challenges of large 
language models in education. Int Res J Mod Eng Technol Sci. 
2023;5(10):851-874. http://dx.doi.org/10.56726/IRJMETS45212

128. Rane NL, Tawde A, Choudhary SP, Rane J. Contribution and 
performance of ChatGPT and other Large Language Models 
(LLM) for scienti�c and research advancements: a double-edged 
sword. Int Res J Mod Eng Technol Sci. 2023;5(10):875-899. 
https://www.doi.org/10.56726/IRJMETS45312

129. Patil DR, Rane N. Customer experience and satisfaction: 
importance of customer reviews and customer value on buying 
preference. Int Res J Mod Eng Technol Sci. 2023.          . 
https://www.doi.org/10.56726/IRJMETS36460

130. Rane N. Enhancing mathematical capabilities through ChatGPT 

and similar generative arti�cial intelligence: Roles and challenges 
in solving mathematical problems. Available at SSRN 4603237. 
2023. https://dx.doi.org/10.2139/ssrn.4603237

131. Rane N. Roles and challenges of ChatGPT and similar generative 
arti�cial intelligence for achieving the sustainable development 
goals (SDGs). Available at SSRN 4603244. 2023.         .  
https://dx.doi.org/10.2139/ssrn.4603244

132. Quest H, Cauz M, Heymann F, Rod C, Perret L, Ballif C, et al. A 3D 
indicator for guiding AI applications in the energy sector. Energy and 
AI. 2022;9:100167. https://doi.org/10.1016/j.egyai.2022.100167

133. Yadav R, Tripathi A, Pathak S, Gill HS. 5G and beyond networks for 
3D MIMO using arti�cial intelligence in 5G network. J Phys Conf 
Ser. 2022;2273(1):012007. https://doi.org/10.1088/1742-6596/2273/1/012007 

134. Das S, Doppa JR, Kim DH, Pande PP, Chakrabarty K. Optimizing 
3D NoC design for energy e�ciency: A machine learning 
approach. International Conference on Computer-Aided Design. 
2015:705-712. https://doi.org/10.1109/ICCAD.2015.7372639

135. Yue Z, Wang H, Fang J, Deng J, Lu G, Tu F, et al. Exploiting 
Similarity Opportunities of Emerging Vision AI Models on Hybrid 
Bonding Architecture. 51st Annual International Symposium on 
Computer Architecture. 2024:396-409.          . 
https://doi.org/10.1109/ISCA59077.2024.00037

136. Bujanca M, Lennox B, Luján M. Acefusion-accelerated and 
energy-e�cient semantic 3d reconstruction of dynamic scenes. 
International Conference on Intelligent Robots and Systems. 2022: 
11063-11070. https://doi.org/10.1109/IROS47612.2022.9981591

137. Ding R, Gao F, Shen XS. 3D UAV trajectory design and frequency 
band allocation for energy-e�cient and fair communication: A 
deep reinforcement learning approach. IEEE Transactions on 
Wireless Communications. 2020;19(12):7796-7809.         . 
https://doi.org/10.1109/TWC.2020.3016024

138. Daudlin S, Rizzo A, Lee S, Khilwani D, Ou C, Wang S, et al. 3D 
photonics for ultra-low energy, high bandwidth-density chip data 
links. arXiv preprint arXiv:2310.01615. 2023.          . 
https://doi.org/10.48550/arXiv.2310.01615

139. Wadhwani P, Choudhary N, Singh D. Energy e�cient mapping in 
3d mesh communication architecture for NoC. Global Journal of 
Computer Science and Technology. 2013;13:14.

140. Liu Z, Jiang G. Optimization of intelligent heating ventilation air 
conditioning system in urban building based on BIM and arti�cial 
intelligence technology. Comput Sci Inf Syst.         .  
2021;18(4):1379-1394. https://doi.org/10.2298/CSIS200901027L

141. Rodrigues Marques Sakiyama N, Frick J, Bejat T, Garrecht H. 
Using CFD to evaluate natural ventilation through a 3D 
parametric modeling approach. Energies. 2021;14(8):2197. 
https://doi.org/10.3390/en14082197

142. Ren J, Cao SJ. Development of self-adaptive low-dimension 
ventilation models using OpenFOAM: Towards the application of 
AI based on CFD data. Build Environ. 2020;171:106671. 
https://doi.org/10.1016/j.buildenv.2020.106671

143. Xu Y, Jia Y, Ai M, Wang Y. Heat transfer characteristics of external ventilated 
path in compact high-voltage motor. Int J Heat Mass Transf. 2018; 
124:1136-1146. https://doi.org/10.1016/j.ijheatmasstransfer.2018.04.034 

Synth. Charact. Process. New. Mater. Innov. Appl., 2025, 2, 13-27 © Reseapro Journals 2025
https://doi.org/10.61577/scpnmia.2025.100002

SYNTHESIS, CHARACTERIZATION AND PROCESSING OF NEW MATERIALS 
FOR INNOVATIVE APPLICATIONS
2025, VOL. 2, ISSUE 1

19



In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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 While the promise of 4D, 5D, and 6D printing technologies 
is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.

S/N. Aspect Applications Challenges Future Advancements
1 Design and 

Planning
Creation of intricate architectural 
prototypes and models.

Limited availability of suitable 6D 
printing materials.

Development of advanced, specialized 
6D printing materials.

Production of customized, complex 
structural elements.

Challenges in optimizing and 
handling complex designs.

Enhanced design so�ware for seamless 
integration.

Visualization of building layouts in 
virtual environments

High initial costs of 6D printing 
technology.

Cost-e�ective 6D printers for wider 
accessibility.

2 Construction On-site 3D printing of building 
components and structures.

Integration and automation 
complexities at construction sites.

Advancements in on-site 6D printing 
robots and automation systems.

Rapid construction of temporary 
shelters in disaster-stricken areas.

Concerns about structural integrity 
and safety.

Techniques ensuring structural 
stability and safety.

Customized solutions for  
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Scalability issues for large-scale 
projects.

Scalable and e�cient 6D printing 
methods for large constructions

3 Operation and 
Maintenance

Real-time structural health 
monitoring using 6D printed 
sensors.

Challenges in sensor calibration 
and accuracy.

Development of highly durable 6D 
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Tailored replacement parts for 
building maintenance.

Durability and longevity concerns 
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Integration with IoT technology for 
seamless monitoring.

Smart   building components with 
enbedded sensors for energy 
e�ciency

Compatibility issues with existing 
building systems.
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• Standardization of 6D printing 
processes for improved compatibility.

4 Sustainability Use of eco-friendly, sustainable 
materials for 6D printing.

Limited availability of 
environmentally friendly 6D 
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• Research and development of 
biodegradable and recyclable 6D 
printing materials

Reduced construction waste due to 
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Energy consumption during the 
printing process.

• Energy-e�cient 6D printing 
technologies.

•

•

•

•

•

•

•

•

•

•

•

• Implementation of energy-e�cient 
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• Recycling and disposal challenges 
for 6D printed waste

• Implementation of e�ective recycling
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References
1. Blanco JL, Fuchs S, Parsons M, Ribeirinho MJ. Arti�cial 

intelligence: Construction technology's next frontier. Building 
Economist. 2018:7-13.

2. Pan Y, Zhang L. Roles of arti�cial intelligence in construction engineering 
and management: A critical review and future trends. Autom Constr. 
2021;122:103517. https://doi.org/10.1016/j.autcon.2020.103517

3. Abioye SO, Oyedele LO, Akanbi L, Ajayi A, Delgado JM, Bilal M, et 
al. Arti�cial intelligence in the construction industry: A review of 
present status, opportunities and future challenges. J Build Eng. 
2021;44:103299. https://doi.org/10.1016/j.jobe.2021.103299

4. Zhang L, Pan Y, Wu X, Skibniewski MJ. Arti�cial intelligence in 
construction engineering and management. Singapore:: Springer; 
2021. 

5. Forsythe DE. �e construction of work in arti�cial intelligence. 
Science, technology, & human values. 1993;18(4):460-479. 
https://doi.org/10.1177/016224399301800404

6. Mohammadpour A, Karan E, Asadi S. Arti�cial intelligence 
techniques to support design and construction. InISARC. 
Proceedings of the International Symposium on Automation and 
Robotics in Construction. 2019;36:1282-1289.         .  
https://doi.org/10.22260/ISARC2019/0172 

7. Elmousalami HH. Arti�cial intelligence and parametric construction 
cost estimate modeling: State-of-the-art review. J Constr Eng Manag. 
2020;146(1):03119008. https://doi.org/10.1061/(ASCE)CO.1943-7862.0001678

8. Baduge SK, �ilakarathna S, Perera JS, Arashpour M, Shara� P, 
Teodosio B, et al. Arti�cial intelligence and smart vision for 
building and construction 4.0: Machine and deep learning 
methods and applications. Autom Constr. 2022;141:104440. 
https://doi.org/10.1016/j.autcon.2022.104440 

9. Pacillo GA, Ranocchiai G, Loccarini F, Fagone M. Additive 
manufacturing in construction: A review on technologies, processes, 
materials, and their applications of 3D and 4D printing. Mater Des 
Process Commun. 2021;3(5):e253. https://doi.org/10.1002/mdp2.253

10. Kumar SB, Jeevamalar J, Ramu P, Suresh G, Senthilnathan K. 
Evaluation in 4D printing–a review. Mater Today: Proc. 
2021;45:1433-1437. https://doi.org/10.1016/j.matpr.2020.07.335

11. Aruna R, Mohamed Abbas S, Vivek S, Suresh G, Meenakshi CM, 
Srinivasan T, et al. Evolution of 5D Printing and Its Vast Applications: 
A Review. Recent Advances in Materials and Modern Manufacturing. 
2022:691-714. https://doi.org/10.1007/978-981-19-0244-4_66

12. Reddy PR, Devi PA. Review on the advancements of additive 
manufacturing-4D and 5D printing. Int J Mech Prod Eng Res Dev. 
2018;8(4):397-402. 

13. Georgantzinos SK, Giannopoulos GI, Bakalis PA. Additive 
manufacturing for e�ective smart structures: �e idea of 6D 
printing. J Compos Sci. 2021;5(5):119.         .  
https://doi.org/10.3390/jcs5050119

14. Ghazal AF, Zhang M, Mujumdar AS, Ghamry M. Progress in 
4D/5D/6D printing of foods: Applications and R&D 
opportunities. Crit Rev Food Sci Nutr. 2023;63(25):7399-7422. 
https://doi.org/10.1080/10408398.2022.2045896

15. Singh R. 4D Imaging to 4D Printing: Biomedical Applications. 
CRC Press; 2022.

16. Vasiliadis AV, Koukoulias N, Katakalos K. From three-dimensional 
(3D)-to 6D-printing technology in orthopedics: science �ction or 
scienti�c reality?. J Funct Biomater. 2022;13(3):101.         .  
https://doi.org/10.3390/j�13030101

17. Srivastava S, Pandey VK, Singh R, Dar AH. Recent insights on 
advancements and substantial transformations in food printing 
technology from 3 to 7D. Food Sci Biotechnol. 2023;32(13):1783- 
1804. https://doi.org/10.1007/s10068-023-01352-8

18. Berihun Sitotaw D, Marcel Muenks D, Kostadinov Kyosev Y, Kechi 
Kabish A. Investigation of parameters of fused deposition 
modelling 3d prints with compression properties. Adv Mater Sci 
Eng. 2022;2022(1):4700723. https://doi.org/10.1155/2022/4700723

19. Martinez FC, Paredes M, Gherardini F, Garcia CG. Additive 
manufacturing technologies for sustainable-intelligent structures: 
a new concept of multidimensional printing. DYNA: Ingenieria e 
Industria. 2023;98(1):10-11. https://doi.org/10.6036/10778 

20. Han X, Saiding Q, Cai X, Xiao Y, Wang P, Cai Z, Gong X, Gong W, 
Zhang X, Cui W. Intelligent vascularized 3D/4D/5D/6D-printed 
tissue sca�olds. Nanomicro Lett. 2023;15(1):239.         .  
https://doi.org/10.1007/s40820-023-01187-2

21. Nida S, Moses JA, Anandharamakrishnan C. Emerging applications 
of 5D and 6D printing in the food industry. J Agric Food Res. 
2022;10:100392. https://doi.org/10.1016/j.jafr.2022.100392

22. Niazy D, Ashraf M, Bodaghi M, Zolfagharian A. Resilient city perspective: 
4D printing in art, architecture and construction. Mater Today Sustain. 
2024:100708. https://doi.org/10.1016/j.mtsust.2024.100708

23. Aldawood FK. A comprehensive review of 4D printing: state of the 
arts, opportunities, and challenges. Actuators. 2023;12(3):101. 
https://doi.org/10.3390/act12030101

24. An J, Leong KF. Multi-material and multi-dimensional 3D printing 
for biomedical materials and devices. Biomed Mater & Dev. 
2023;1(1):38-48. https://doi.org/10.1007/s44174-022-00038-9

25. Yu Q, Zhang M, Bhandari B, Li J. Future perspective of additive 
manufacturing of food for children. Trends Food Sci Technol. 
2023;136:120-134. https://doi.org/10.1016/j.tifs.2023.04.009

26. Wan X, Luo L, Liu Y, Leng J. Direct ink writing based 4D printing 
of materials and their applications. Adv Sci. 2020;7(16):2001000. 
https://doi.org/10.1002/advs.202001000

27. Dong Y, Wang S, Ke Y, Ding L, Zeng X, Magdassi S, et al. 4D printed 
hydrogels: fabrication, materials, and applications. Adv Mater 
Technol. 2020;5(6):2000034. https://doi.org/10.1002/admt.202000034

28. Ramezani M, Mohd Ripin Z. 4D printing in biomedical engineering: 
Advancements, challenges, and future directions. J Funct Biomater. 
2023;14(7):347. https://doi.org/10.3390/j�14070347

29. Amiri E, Sanjarnia P, Sadri B, Jafarkhani S, Khakbiz M. Recent 
advances and future directions of 3D to 6D printing in brain 
cancer treatment and neural tissue engineering. Biomed Mater. 
2023;18(5):052005. https://doi.org/10.1088/1748-605X/ace9a4 

30. Zhang B, Li H, Cheng J, Ye H, Sakhaei AH, Yuan C, et al. 
Mechanically robust and UV‐curable shape‐memory polymers for 
digital light processing based 4D printing. Adv Mater. 
2021;33(27):2101298. https://doi.org/10.1002/adma.202101298

31. You D, Chen G, Liu C, Ye X, Wang S, Dong M, et al. 4D printing of 
multi‐responsive membrane for accelerated in vivo bone healing 
via remote regulation of stem cell fate. Adv Funct Mater. 
2021;31(40):2103920. https://doi.org/10.1002/adfm.202103920

32. Foresti R, Rossi S, Pinelli S, Alinovi R, Sciancalepore C, Delmonte 
N, et al. In-vivo vascular application via ultra-fast bioprinting for 
future 5D personalised nanomedicine. Sci Rep. 2020;10(1):3205. 

https://doi.org/10.1038/s41598-020-60196-y
33. Momeni F, Liu X, Ni J. A review of 4D printing. Mater Des. 

2017;122:42-79. https://doi.org/10.1016/j.matdes.2017.02.068
34. Kuang X, Roach DJ, Wu J, Hamel CM, Ding Z, Wang T, et al. 

Advances in 4D printing: materials and applications. Adv Funct 
Mater. 2019;29(2):1805290. https://doi.org/10.1002/adfm.201805290

35. Choi J, Kwon OC, Jo W, Lee HJ, Moon MW. 4D printing 
technology: a review. 3D Print Addit Manuf. 2015;2(4):159-167. 
https://doi.org/10.1089/3dp.2015.0039

36. Sydney Gladman A, Matsumoto EA, Nuzzo RG, Mahadevan L, 
Lewis JA. Biomimetic 4D printing. Nat Mater. 2016;15(4):413-418. 
https://doi.org/10.1038/nmat4544

37. Pei E, Loh GH. Technological considerations for 4D printing: an 
overview. Prog Addit Manuf. 2018;3:95-107.         .  
https://doi.org/10.1007/s40964-018-0047-1

38. Garg C, Jain A. Green concrete: E�cient & eco-friendly 
construction materials. Int J Res Eng Technol. 2014;2(2):259-264. 

39. Waghmode MS, Gunjal AB, Bhujbal NN, Patil NN, Nawani NN. 
Eco-friendly construction. Reusable and sustainable building 
materials in modern architecture. 2019:80-92.         .  
https://doi.org/10.4018/978-1-5225-6995-4.ch004 

40. Chen Y, Zhang Y, Chen T, Zhao Y, Bao S. Preparation of eco-friendly 
construction bricks from hematite tailings. Constr Build Mater. 
2011;25(4):2107-2111. https://doi.org/10.1016/j.conbuildmat.2010.11.025

41. Hwang CL, Huynh TP. Investigation into the use of unground rice husk 
ash to produce eco-friendly construction bricks. Constr Build Mater. 
2015;93:335-341. https://doi.org/10.1016/j.conbuildmat.2015.04.061

42. Zhang LW, Sojobi AO, Liew KM. Sustainable CFRP-reinforced 
recycled concrete for cleaner eco-friendly construction. J Clean 
Prod. 2019;233:56-75. https://doi.org/10.1016/j.jclepro.2019.06.025

43. Cardinale T, D’Amato M, Sulla R, Cardinale N. Mechanical and 
physical characterization of papercrete as new eco-friendly 
construction material. Appl Sci. 2021;11(3):1011.         .  
https://doi.org/10.3390/app11031011

44. Haleem A, Javaid M, Vaishya R. 5D printing and its expected 
applications in Orthopaedics. J Clin Orthop Trauma. 
2018;10(4):809. https://doi.org/10.1016/j.jcot.2018.11.014

45. Anas S, Khan MY, Rafey M, Faheem K. Concept of 5D printing 
technology and its applicability in the healthcare industry. Mater Today: 
Proc. 2022;56:1726-1732. https://doi.org/10.1016/j.matpr.2021.10.391

46. Kumar PR, Tech M, Roy SU, Hegde HA, Bharti S, Kumar M. 4D 
and 5D printing: healthcare's new edge. 3D Print Technol 
Nanomed. 2019;143:143-163. 

47. Lai J, Wang M. Developments of additive manufacturing and 5D 
printing in tissue engineering. J Mater Res. 2023;38(21): 
4692-4725. https://doi.org/10.1557/s43578-023-01193-5

48. Yadav S, Mishra MK. Advancements in Arti�cial 
Intelligence-mediated Fabrication of 3D, 4D, and 5D Printed for 
Fabrication of Drug Delivery Formulations. Drug Deliv Lett. 2024; 
14(4):273-289. https://doi.org/10.2174/0122103031309831240531084125

49. Rane NL, Achari A, Choudhary SP, Mallick SK, Pande CB, 
Srivastava A, Moharir KN. A decision framework for potential 
dam site selection using GIS, MIF and TOPSIS in Ulhas river 
basin, India. J Clean Prod. 2023;423:138890.         .  
https://doi.org/10.1016/j.jclepro.2023.138890

50. Rane NL, Achari A, Saha A, Poddar I, Rane J, Pande CB, Roy R. An 
integrated GIS, MIF, and TOPSIS approach for appraising electric 
vehicle charging station suitability zones in Mumbai, India. Sustain 
Cities Soc. 2023;97:104717. https://doi.org/10.1016/j.scs.2023.104717

51. Gautam VK, Pande CB, Moharir KN, Varade AM, Rane NL, 
Egbueri JC, Alshehri F. Prediction of sodium hazard of irrigation 
purpose using arti�cial neural network modelling. Sustainability. 
2023;15(9):7593. https://doi.org/10.3390/su15097593

52. Rane NL, Anand A, Deepak K. Evaluating the selection criteria of 
formwork system (FS) for RCC building construction. Int J Eng 
Trends Technol. 2023;71(3):197-205.          . 

building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
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must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
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3D, 4D, 5D, and 6D Printing in the AEC Industry.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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 While the promise of 4D, 5D, and 6D printing technologies 
is exciting, several challenges and limitations must be addressed 
to fully realize their potential in the AEC industry [20-27]. 
Material limitations, such as the availability of suitable materials 
for dynamic printing, pose a signi�cant hurdle. Additionally, 
integrating cost and data management requires sophisticated 
so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 

https://doi.org/10.14445/22315381/IJETT-V71I3P220
53. Liladhar Rane N, Achari A, Hashemizadeh A, Phalak S, Pande CB, 

Giduturi M, et al. Identi�cation of sustainable urban settlement 
sites using interrelationship based multi-in�uencing factor 
technique and GIS. Geocarto Int. 2023;38(1):2272670. 
https://doi.org/10.1080/10106049.2023.2272670

54. Rane N, Jayaraj GK. Stratigraphic modeling and hydraulic 
characterization of a typical basaltic aquifer system in the Kadva 
river basin, Nashik, India. Model Earth Syst Environ. 
2021;7(1):293-306. https://doi.org/10.1007/s40808-020-01008-0

55. Valles DJ, Zholdassov YS, Braunschweig AB. Evolution and 
applications of polymer brush hypersurface photolithography. Polym 
Chem. 2021;12(40):5724-5746. https://doi.org/10.1039/D1PY01073E

56. Derossi A, Corradini MG, Caporizzi R, Oral MO, Severini C. 
Accelerating the process development of innovative food products 
by prototyping through 3D printing technology. Food Biosci. 
2023;52:102417. https://doi.org/10.1016/j.�io.2023.102417

57. Wang H, Ouyang Z, Hu L, Cheng Y, Zhu J, Ma L, et al. Self-assembly 
of gelatin and phycocyanin for stabilizing thixotropic emulsions 
and its e�ect on 3D printing. Food Chem. 2022; 397:133725. 
https://doi.org/10.1016/j.foodchem.2022.133725

58. Pulatsu E, Udenigwe C. Perspectives, analyses, and progress in 
additive manufacturing of food. Phys Fluids. 2023;35(3). 
https://doi.org/10.1063/5.0137328

59. Behera A, Behera A. Additive Manufacturing Materials. Advanced 
Materials: An Introduction to Modern Materials Science. 
2022:667-700. https://doi.org/10.1007/978-3-030-80359-9_20

60. Wu C, Xu F, Wang H, Liu H, Yan F, Ma C. Manufacturing 
technologies of polymer composites—a review. Polymers. 
2023;15(3):712. https://doi.org/10.3390/polym15030712

61. Huang X, Yan C, Xu Y, Ling M, He C, Zhou Z. High internal phase 
emulsions stabilized by alkaline-extracted walnut protein isolates 
and their application in food 3D printing. Food Res. Int 
2023;169:112858. https://doi.org/10.1016/j.foodres.2023.112858

62. Hu Y, Cheng L, Lee SJ, Yang Z. Formation and characterisation of 
concentrated emulsion gels stabilised by faba bean protein isolate and its 
applications for 3D food printing. Colloids Surf A: Physicochem Eng 
Asp. 2023;671:131622. https://doi.org/10.1016/j.colsurfa.2023.131622

63. Ferdosi H, Abbasianjahromi H, Banihashemi S, Ravanshadnia M. 
BIM applications in sustainable construction: scientometric and 
state-of-the-art review. Int J Constr Manag. 2023;23(12):1969- 
1981. https://doi.org/10.1080/15623599.2022.2029679

64. Liu J, Nguyen-Van V, Panda B, Fox K, du Plessis A, Tran P. Additive 
manufacturing of sustainable construction materials and 
form-�nding structures: a review on recent progresses. 3D Print 
Addit Manuf. 2022;9(1):12-34. https://doi.org/10.1089/3dp.2020.0331

65. Maqbool R, Amaechi IE. A systematic managerial perspective on 
the environmentally sustainable construction practices of UK. 
Environ Sci Pollut Res. 2022;29(42):64132-64149.          . 
https://doi.org/10.1007/s11356-022-20255-5

66. Meddah A, Chikouche MA, Yahia M, Deghfel M, Beddar M. �e 
e�ciency of recycling expired cement waste in cement manufacturing: 
a sustainable construction material. Circ Econ Sustain. 2022;2(3): 
1213-1224. https://doi.org/10.1007/s43615-022-00161-1

67. Oke AE, Kineber AF, Al-Bukhari I, Famakin I, Kingsley C. 
Exploring the bene�ts of cloud computing for sustainable 
construction in Nigeria. J Eng Des Technol. 2023;21(4):973-990. 
https://doi.org/10.1108/JEDT-04-2021-0189

68. Sadeghi M, Mahmoudi A, Deng X. Adopting distributed ledger 
technology for the sustainable construction industry: evaluating the 
barriers using Ordinal Priority Approach. Environ Sci Pollut Res. 
2022;29(7):10495-10520. https://doi.org/10.1007/s11356-021-16376-y

69. Stanitsas M, Kirytopoulos K. Investigating the signi�cance of 
sustainability indicators for promoting sustainable construction 
project management. Int J Constr Manag. 2023;23(3):434-48. 
https://doi.org/10.1080/15623599.2021.1887718

70. Okoye PU, Okolie KC, Odesola IA. Risks of implementing 
sustainable construction practices in the Nigerian building 
industry. Construction Economics and Building. 
2022;22(1):21-46. https://doi.org/10.5130/AJCEB.v22i1.7420

71. Rane NL, Jayaraj GK. Comparison of multi-in�uence factor, 
weight of evidence and frequency ratio techniques to evaluate 
groundwater potential zones of basaltic aquifer systems. 
Environment, Development and Sustainability. 2022;24(2):2315- 
2344. https://doi.org/10.1007/s10668-021-01535-5

72. Rane N, Jayaraj GK. Evaluation of multiwell pumping aquifer tests 
in uncon�ned aquifer system by Neuman (1975) method with 
numerical modeling. Groundwater resources development and 
planning in the semi-arid region. 2021:93-106.         .  
https://doi.org/10.1007/978-3-030-68124-1_5

73. Moharir KN, Pande CB, Gautam VK, Singh SK, Rane NL. Integration 
of hydrogeological data, GIS and AHP techniques applied to delineate 
groundwater potential zones in sandstone, limestone and shales rocks 
of the Damoh district,(MP) central India. Environ. Res. 
2023;228:115832. https://doi.org/10.1016/j.envres.2023.115832

74. Rane N. ChatGPT and similar generative arti�cial intelligence (AI) 
for smart industry: role, challenges and opportunities for industry 
4.0, industry 5.0 and society 5.0. Challenges and Opportunities for 
Industry. 2023;4. https://dx.doi.org/10.2139/ssrn.4603234

75. Rane N. Transformers in material science: roles, challenges, and 
future scope. Challenges, and Future Scope. 2023. 
https://dx.doi.org/10.2139/ssrn.4609920\

76. Baduge SK, �ilakarathna S, Perera JS, Arashpour M, Shara� P, 
Teodosio B, et al. Arti�cial intelligence and smart vision for 
building and construction 4.0: Machine and deep learning 
methods and applications. Autom Constr. 2022;141:104440. 
https://doi.org/10.1016/j.autcon.2022.104440

77. Sobczyk M, Wiesenhütter S, Noennig JR, Wallmersperger T. Smart 
materials in architecture for actuator and sensor applications: A 
review. J Intell Mater Syst Struct. 2022;33(3):379-399. 
https://doi.org/10.1177/1045389X211027954

78. Nalon GH, Santos RF, de Lima GE, Andrade IK, Pedroti LG, Ribeiro 
JC, et al. Recycling waste materials to produce self-sensing concretes 
for smart and sustainable structures: A review. Constr Build Mater. 
2022;325:126658. https://doi.org/10.1016/j.conbuildmat.2022.126658

79. Jiang Y, Li M, Guo D, Wu W, Zhong RY, Huang GQ. Digital 
twin-enabled smart modular integrated construction system for 
on-site assembly. Comput Ind. 2022;136:103594.         .  
https://doi.org/10.1016/j.compind.2021.103594

80. Kang K, Besklubova S, Dai Y, Zhong RY. Building demolition waste 
management through smart BIM: A case study in Hong Kong. Waste 
Manag. 2022;143:69-83. https://doi.org/10.1016/j.wasman.2022.02.027

81. Cisterna D, Lauble S, Haghsheno S, Wolber J. Synergies between 
lean construction and arti�cial intelligence: AI driven continuous 
improvement process. Proceedings of the 30th annual conference 
of the International Group for Lean Construction. 2022:199-210. 
https://doi.org/10.24928/2022/0122

82. Wang J, Mohammed AS, Macioszek E, Ali M, Ulrikh DV, Fang Q. 
A novel combination of PCA and machine learning techniques to 
select the most important factors for predicting tunnel 
construction performance. Buildings. 2022;12(7):919.         .  
https://doi.org/10.3390/buildings12070919

83. Perera S, Paton-Cole V, Gao S, Francis V, Urhal P, Manu P, et al. 
Arti�cial intelligence for occupational health and safety 
management in construction: A systematic review. Handbook of 
Construction Safety, Health and Well-being in the Industry 4.0 
Era. 2023:154-168.

84. Kar AK, Choudhary SK, Singh VK. How can arti�cial intelligence 
impact sustainability: A systematic literature review. J Clean Prod. 
2022;376:134120. https://doi.org/10.1016/j.jclepro.2022.134120

85. Wang Q, Hussain A, Farooqi MU, Deifalla AF. Arti�cial 
intelligence-based estimation of ultra-high-strength concrete's 
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so�ware solutions and standardized protocols, necessitating 
collaboration among technology developers, architects, 
engineers, and stakeholders. Ethical considerations related to 
data privacy, intellectual property, and environmental impact 
must be carefully navigated to ensure responsible and 
sustainable implementation of these technologies [28-32]. 
Despite the challenges, the future of 4D, 5D, and 6D printing in 
the AEC industry holds immense promise. Continued research 
and development e�orts are crucial to overcoming current 
limitations and expanding the scope of these technologies. 
Advances in material science, computational modeling, and 
arti�cial intelligence are expected to drive innovation, leading 
to dynamic structures that not only respond to their 
environment but also contribute to a more sustainable and 
resilient built environment [6-9]. As researchers, engineers, and 
architects collaborate to unlock the full potential of 4D, 5D, and 
6D printing technologies, the AEC industry stands on the brink 
of a transformative era, where the lines between imagination 
and reality blur, giving rise to structures that are not merely 
built but are living, adaptive entities shaping the future of our 
cities and communities. Figure 2 shows the di�erence between 
3D, 4D, 5D, and 6D Printing in the AEC Industry.
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In the constantly evolving landscape of the Architecture, 
Engineering, and Construction (AEC) industry, technological 
advancements have consistently played a central role in shaping 
how we conceive, design, and build the built environment [1-3]. 
�e fusion of cutting-edge technologies with traditional 
construction methods has led to innovative solutions that 
enhance e�ciency and expand architectural and engineering 
possibilities [4-8]. Among these groundbreaking advancements, 
4D, 5D, and 6D printing technologies have emerged as 
transformative tools, revolutionizing the AEC industry by 
giving materials and structures dynamic capabilities once 
considered unimaginable [9-14]. Traditionally, the AEC 
industry relied on conventional construction methods, 
characterized by rigid structures and static designs. However, 
with the advent of additive manufacturing techniques, the 
industry experienced a profound shi�. 3D printing, the 
precursor to 4D, 5D, and 6D printing, introduced the concept of 
layer-by-layer construction, enabling architects and engineers 
to create intricate designs with unparalleled precision. Building 

upon this foundation, 4D, 5D, and 6D printing technologies 
have expanded construction possibilities by introducing the 
dimensions of time, cost, and data management [10,12-13].

 At its core, 4D printing refers to the process of 3D printing 
objects that can change their shapes or properties over time in 
response to external stimuli like heat, light, or moisture [9,10]. 
�is dynamic aspect adds a temporal dimension to traditional 
3D printing, allowing structures to self-assemble or adapt to 
changing environmental conditions. Building on the concept of 
4D printing, 5D printing incorporates cost-related information 
into the design and construction process, enabling real-time 
cost estimation and budget analysis for e�cient resource 
allocation throughout the project's life [11,12]. Going further, 
6D printing incorporates data management and building 
lifecycle information, enabling the creation of intelligent, 
data-driven structures that can be monitored, analyzed, and 
optimized over their entire lifecycle [13,14].

 �e integration of 4D, 5D, and 6D printing technologies 

has ushered in a new era of architectural and engineering 
marvels [15-19]. In architecture, dynamic facades responding 
to weather conditions, self-assembling temporary shelters, and 
adaptive interior spaces are just a few examples of the 
innovative applications of 4D printing. In engineering, 
self-repairing bridges, morphing structures responding to 
seismic activities, and smart infrastructure adapting to tra�c 
patterns exemplify the transformative potential of these 
technologies. Additionally, the incorporation of cost and data 
management in 5D and 6D printing has streamlined project 
work�ows, ensuring e�cient resource utilization and 
enhancing project sustainability. Figure 1 shows the 
co-occurrence analysis of the keywords in literature.

Methodology
In this research paper, we delved into the world of 4D/5D/6D 
printing technology within the Architecture, Engineering, and 
Construction (AEC) industry, with a particular focus on its 
applications, challenges, and future developments. �e 
methodology adopted for this study primarily encompasses an 
extensive and all-encompassing review of the existing literature. 
�e primary aim of this literature review is to amass, synthesize, 
and critically assess the current body of knowledge, research 
discoveries, and expert viewpoints pertaining to 4D, 5D, and 6D 
printing technology as applied in the context of the industry. 
�e literature review procedure entailed systematic exploration 
across a range of academic databases, including but not limited 
to Google Scholar, IEEE Xplore, ScienceDirect, and 
ResearchGate. Our search queries incorporated combinations 
of keywords such as "4D printing," "5D printing," "6D printing," 
"architecture," "engineering," "construction," "AEC industry," 
"applications," "challenges," and "future advancements." �e 
search had no temporal restrictions, ensuring a comprehensive 
coverage of pertinent studies spanning from the inception of 
these technologies to the present day. Studies that did not have 
a direct bearing on the AEC sector, or those that did not o�er 
substantial insights into the applications and challenges of 4D, 
5D, or 6D printing, were excluded from the review. 
Comparative analyses were carried out to pinpoint patterns, 
trends, and gaps in the existing research. �e �ndings of this 
study, rooted in the critical analysis of existing knowledge, o�er 
valuable insights for researchers, practitioners, and 
policymakers interested in the integration of these innovative 
printing technologies in the AEC sector.

Results and Discussion
Applications of 4D printing in AEC industry
�e Architecture, Engineering, and Construction (AEC) 
industry is undergoing rapid transformation due to 
technological advancements, and among these innovations, 4D 
printing stands out as a revolutionary concept that could 
rede�ne the way we approach building design, construction, 

and operation [9,10]. 4D printing, an extension of 3D printing, 
adds an extra dimension - time - to the process [33-37]. �is 
technology enables 3D-printed objects to change their shape, 
function, or properties over time in response to external stimuli 
like temperature, humidity, light, or water. In the realm of the 
AEC industry, 4D printing holds immense potential, o�ering 
solutions to various challenges and facilitating the creation of 
adaptable, intelligent, and sustainable structures.

Self-assembling structures

One of the most promising applications of 4D printing in the 
AEC industry is the development of self-assembling structures. 
Unlike traditional construction methods that are 
labor-intensive and time-consuming, 4D printing allows for the 
creation of components capable of autonomously assembling 
themselves with minimal human intervention. �ese 
components, embedded with smart materials, can respond to 
environmental conditions and transform into the desired 

structure independently. For instance, in disaster-stricken 
areas, self-assembling shelters can be rapidly deployed, 
providing immediate relief to those a�ected. Moreover, these 
structures signi�cantly reduce construction time and labor 
costs, making them an attractive option for various 
construction projects.

Responsive façades and building envelopes
4D printing enables the fabrication of responsive façades and 
building envelopes that can adapt to changing environmental 
conditions. Façade components incorporating smart materials 
can react to sunlight, temperature, or wind, adjusting the 
building's permeability, insulation, and shading properties 
accordingly. �is responsiveness enhances energy e�ciency by 
minimizing heat gain, optimizing natural lighting, and 
reducing the reliance on mechanical systems. Additionally, 
these adaptive façades improve occupant comfort and 
well-being, fostering a dynamic relationship between the 

on-demand construction of temporary or permanent structures. 
Construction components can be 4D-printed o�-site and 
transported to the location, where they self-assemble or 
transform into the desired con�guration. �is approach 
signi�cantly reduces construction time, labor costs, and 
environmental impact associated with traditional methods. 
On-demand 4D printing is particularly valuable for rapid 
deployment in emergency situations, such as disaster relief 
e�orts, providing immediate shelter and infrastructure solutions.

Augmented Reality (AR) integration in construction:

Combining 4D printing with augmented reality (AR) 
technology o�ers innovative solutions for construction 
visualization, planning, and execution. AR applications overlay 
digital information onto physical construction elements, 
enabling real-time visualization for architects, engineers, and 
construction workers. Integrating 4D- printed components into 
AR simulations allows stakeholders to observe how these 
elements transform and interact with the environment over 
time. �is immersive experience enhances collaboration, 
decision-making, and project communication, ensuring a clear 
understanding of the project's evolution and the impact of 4D 
printing on the �nal outcome.

Educational and research purposes
4D printing serves as a valuable educational tool, enabling 
students, researchers, and professionals to explore and 
understand the intricacies of responsive materials and 
structures. Educational institutions and research organizations 
can use 4D printing technology to conduct experiments, 
develop prototypes, and study the behaviour of smart materials 
in various environmental conditions. �is hands-on approach 
enhances learning experiences, fosters innovation, and 
cultivates a new generation of architects and engineers 
equipped with the knowledge and skills needed to shape the 
future of the AEC industry.

Applications of 5D Printing in AEC Industry
�e Architecture, Engineering, and Construction (AEC) industry 
has experienced remarkable technological advancements, leading 
to more e�cient and eco-friendly construction methods [38-43]. 
One groundbreaking innovation in this realm is 5D printing, a 
fusion of 3D printing with time and cost management principles 
[44- 48]. Also referred to as 5D building printing or 5D 
construction printing, this technology integrates the spatial 
aspects of 3D printing with time and cost dimensions. Such 
technology o�ering a revolutionary approach to e�ective 
practices [47,49-54]. Table 2 shows the applications, challenges, 
and future advancement of 5D Printing in AEC Industry

Rapid prototyping and design iterations
Traditional prototyping methods in the AEC sector are both 
time-consuming and expensive. 5D printing empowers 
architects and engineers to swi�ly create detailed physical 
prototypes. By factoring in time and cost considerations during 
the design phase, professionals can evaluate multiple design 
iterations within a shorter timeframe. �is accelerates 
decision-making, allowing architects to experiment with 
intricate and innovative designs, fostering the creation of more 
imaginative and practical structures.

Customized and complex architectural elements
5D printing technology enables the fabrication of intricate and 
tailor-made architectural components that are otherwise 
challenging to produce using conventional methods. Architects 
can cra� elaborate facades, ornate decorative elements, and 
complex patterns, paving the way for a higher level of 
architectural creativity and uniqueness in building designs. �is 
customization potential unlocks new avenues for innovative 
and aesthetically pleasing structures.

Sustainable building practices
Sustainability is a pivotal consideration in modern 
construction. 5D printing o�ers the advantage of utilizing eco- 
friendly and recyclable materials in the printing process. 
Moreover, the technology enables precise material usage, 
minimizing waste. By integrating time and cost data, 
construction projects can be optimized for e�ciency, reducing 
the overall environmental impact. 5D printing supports the 
AEC industry's endeavors toward sustainable construction 
practices, contributing to a greener built environment.

On-site construction and repairs
5D printing can be deployed for on-site construction and repair 
tasks. Portable 5D printers can be transported to construction 
sites, facilitating on-demand fabrication of building 
components. �is �exibility is particularly valuable in remote or 
disaster-a�ected areas where traditional construction methods 
may be impractical. Additionally, 5D printing can expedite 
repairs and replacements, minimizing downtime and reducing 
costs associated with maintenance and refurbishment projects.

Affordable housing solutions
�e global challenge of a�ordable housing can signi�cantly 
bene�t from 5D printing technology. By incorporating time and 
cost considerations, 5D printing allows for the construction of 
a�ordable housing units in a cost-e�ective and time-e�cient 
manner. Mass production of standardized building components 
becomes achievable, reducing labor costs and construction 
time. �is approach addresses the housing needs of low-income 
populations, making housing more accessible and a�ordable.

Complex geometries and structural innovations
5D printing technology empowers the construction of buildings 
with intricate geometries and innovative structural designs. 
Traditional construction methods o�en face limitations when 
dealing with complex shapes and structures. 5D printing 
overcomes these constraints, enabling architects and engineers 
to explore novel architectural forms and structural solutions. 
�is design freedom opens avenues for iconic landmarks, 
bridges, and other structures that challenge conventional 
architectural norms.

Retrofitting and historical preservation
Preserving historical buildings and retro�tting existing 
structures for modern functionalities can be challenging. 5D 
printing o�ers a solution by enabling the creation of customized 
components that seamlessly integrate with historical 
architectures. Architects and conservationists can leverage 5D 
printing technology to replicate intricate details and decorative 
elements, ensuring the preservation of cultural heritage. 

Moreover, the incorporation of time and cost data facilitates 
e�cient planning and execution of retro�tting projects, 
minimizing disruptions to historical sites and optimizing 
resource utilization.

Digital twins and Building Information Modeling (BIM)
5D printing seamlessly aligns with the concept of Digital Twins 
and Building Information Modeling (BIM). Digital Twins are 
digital replicas of physical objects or systems, while BIM 
involves creating detailed digital representations of building 
components and systems. By integrating 5D printing with BIM, 
construction projects can be visualized and simulated in a 
virtual environment. �is integration enables accurate cost 
estimations, project scheduling, and resource allocation, 
enhancing overall project management e�ciency. Construction 
professionals can analyze various construction scenarios, 
identify potential issues, and optimize project parameters 
before actual construction commences, leading to more 
informed decision-making and streamlined project execution.

Educational and research advancements
5D printing serves as a valuable educational tool for students 
and researchers in the AEC �eld. It allows aspiring architects 
and engineers to explore innovative construction techniques 
and experiment with advanced design concepts. Educational 
institutions can incorporate 5D printing into their curricula, 

providing hands-on experience to students and fostering 
creativity and technical skills. Additionally, researchers can 
utilize 5D printing technology to study construction materials, 
structural behaviour, and other aspects related to the AEC 
industry. �is facilitates research and development activities, 
leading to continuous advancements in construction 
technology and practices.

Prototyping and structural components:

5D printing technology revolutionizes the �eld of structural 
engineering by enabling rapid prototyping of intricate 
components. Engineers can swi�ly create detailed prototypes, 
allowing for e�cient testing and analysis of various designs. By 
factoring in time and cost considerations, engineers can explore 
multiple design iterations within shorter timeframes, leading to 
optimized and cost-e�ective structural solutions.

Complex and customized structures:

Structural engineering o�en demands the creation of intricate 
and customized designs tailored to speci�c architectural needs. 
5D printing facilitates the construction of complex and 
unconventional structural elements, challenging to produce 
using traditional methods. Engineers can fabricate intricate 
geometries like lattice structures and lightweight trusses, 
ensuring structural integrity while minimizing material usage. 
�is customization proves invaluable for unique projects such 

as bridges, towers, and unconventional buildings.

Prefabrication of structural components:

Prefabrication stands as a cornerstone trend in the construction 
industry, emphasizing e�ciency and cost- e�ectiveness. 5D 
printing enables the precise prefabrication of structural 
components, ensuring accurate dimensions and speci�cations. 
�ese elements can be easily transported and assembled on-site, 
reducing construction time and labor costs. Integration of time 
and cost data further optimizes the manufacturing process, 
guaranteeing timely delivery to construction sites.

Structural health monitoring with embedded sensors:

Utilizing 5D printing technology, engineers can embed sensors 
and monitoring devices directly into structural components 
during the printing process. �ese embedded sensors provide 
real-time structural health monitoring, enabling assessment of 
structural integrity, load-bearing capacity, and deformation. 
Incorporating sensors into 5D printed structures allows 
engineers to collect valuable data for structural analysis and 
predictive maintenance, ensuring the safety and durability of 
buildings and infrastructure.

Lightweight, high-strength structures:

5D printing empowers engineers to experiment with advanced 
materials and composite structures, leading to the development 
of lightweight yet incredibly strong components. By optimizing 
internal geometries and material compositions, engineers can 
create structurally e�cient components o�ering superior 
strength-to-weight ratios. Lightweight structures are especially 
vital in applications like aerospace engineering, where weight 
reduction is critical for fuel e�ciency and overall performance.

Disaster-resistant structures:

In disaster-prone regions, constructing resilient and 
disaster-resistant structures is paramount. 5D printing 
technology facilitates the creation of innovative designs and 
materials that enhance resistance to natural disasters such as 
earthquakes and hurricanes. Engineers can design components 
capable of dissipating energy and withstanding extreme forces, 
ensuring the safety of inhabitants during disasters. Additionally, 
5D printing enables rapid on-site construction of emergency 
shelters and disaster relief structures, o�ering timely support to 
a�ected communities.

Rehabilitation and retro�tting solutions:

5D printing plays a pivotal role in rehabilitating and retro�tting 
existing structures. Engineers can design and fabricate 
customized structural elements that seamlessly integrate with 
the original building while addressing structural de�ciencies. 
By factoring in time and cost considerations, engineers can plan 
the rehabilitation process e�ciently, minimizing disruptions to 
occupants and optimizing resource utilization. 5D printing 
technology enables the creation of retro�tting solutions that 
enhance the structural integrity and functionality of aging 
buildings.

Applications of 6D Printing in AEC Industry
�e �eld of Architecture, Engineering, and Construction (AEC) 
has borne witness to remarkable technological advancements 
over the years [5,7,8]. Among the most promising innovations 

of recent times is 6D printing, an extension of 3D printing 
technology [55-62]. 6D printing extends beyond the 
conventional three dimensions of length, width, and height, 
incorporating additional dimensions: material properties, time, 
and functionality [57,60]. �is multi-dimensional approach has 
unveiled a plethora of possibilities for the AEC industry, 
fundamentally transforming the way buildings and 
infrastructures are conceived, constructed, and maintained. 
Table 3 shows the applications, challenges, and future 
advancements of 6D Printing in AEC Industry.

Swift prototyping and iterative design
6D printing empowers architects and engineers to cra� intricate 
prototypes with enhanced material properties. �is capability 
expedites rapid prototyping, allowing architects to swi�ly 
manifest their ideas in tangible forms. Iterative design 
processes, prevalent in the AEC �eld, reap signi�cant bene�ts 
from 6D printing. Architects and designers can produce 
multiple prototypes with diverse parameters, such as material 
composition and structural integrity, resulting in optimized 
designs. �is iterative approach expedites the design phase, 
ultimately curtailing project timelines and expenses.

Tailored customization
6D printing unveils unprecedented customization and 
personalization avenues in construction. Architects and 
designers can forge unique, tailor-made solutions for their 
clients, incorporating intricate details and complex geometries 
that were previously challenging to achieve. From facade 
elements to interior decor, 6D printing empowers the 
production of highly customized components, elevating the 
aesthetic appeal of buildings and spaces. �is level of 
personalization not only satiates client preferences but also 
elevates the overall design quality.

Sustainable construction
Sustainability stands as a paramount concern in the AEC sector 
[63-70]. 6D printing contributes signi�cantly to sustainable 
construction practices. By employing eco-friendly and 
recyclable materials, 6D printing minimizes environmental 
impact. Furthermore, the technology allows for precise material 
utilization, diminishing waste. �e ability to print with 
sustainable materials, such as biodegradable plastics and 
recycled composites, promotes environmentally conscious 
construction practices. Additionally, 6D printing facilitates the 
creation of energy- e�cient structures by incorporating 
intricate designs for natural ventilation and daylight 
optimization, lessening the reliance on arti�cial lighting and 
climate control systems.

Elaborate architectural elements
6D printing enables the fabrication of complex architectural 
elements that were previously arduous or expensive to produce. 
Intricate facade details, ornate columns, and decorative motifs 
can be manufactured with precision, enhancing the visual allure 
of buildings. Moreover, 6D printing allows architects to 
experiment with unconventional shapes and structures, pushing 
the boundaries of architectural design. �is newfound freedom 
of design expression yields iconic and innovative buildings that 
captivate the public and rede�ne urban landscapes.

On-site construction and repairs
Conventionally, construction components are manufactured in 
factories and transported to the construction site. 6D printing, 
however, allows for on-site fabrication of construction 
elements. Portable 6D printers can be deployed directly to the 
construction site, reducing transportation costs and logistical 
complexities. �is capability is particularly invaluable in remote 
or disaster-a�ected areas where transporting prefabricated 
components proves challenging. Additionally, 6D printing 
streamlines on-site repairs and maintenance. Construction 
teams can swi�ly print replacement parts or repair damaged 
elements, minimizing downtime and ensuring the longevity of 
structures.

Structural innovations and optimization
Structural integrity remains paramount in construction, and 
6D printing revolutionizes the way structural components are 
designed and optimized. Engineers can leverage advanced 
algorithms and simulations to create optimized structures that 

are both sturdy and lightweight. Complex lattice structures and 
honeycomb patterns, achievable through 6D printing, o�er 
excellent strength-to-weight ratios, enhancing the structural 
e�ciency of buildings. Furthermore, 6D printing allows for the 
integration of sensors and actuators directly into structural 
elements, creating smart structures capable of monitoring their 
own health and responding to external stimuli. �ese 
innovations pave the way for the development of intelligent, 
self-adaptive buildings that can withstand various 
environmental conditions and loads.

Preservation of cultural heritage
Preserving historical and cultural heritage presents a signi�cant 
challenge for the AEC industry. 6D printing technology plays a 
pivotal role in the restoration and preservation of historical 
monuments and artifacts. By digitally scanning and recreating 
intricate details, damaged or eroded parts of historical 
structures can be accurately replicated using 6D printing. �is 
process ensures the authenticity and integrity of the restored 
elements, preserving the cultural signi�cance of heritage sites. 

Additionally, 6D printing enables the creation of 
museum-quality replicas, allowing visitors to experience 
historical artifacts in a tactile manner while preserving the 
originals.

Cost efficiency and scalability
6D printing provides cost-e�ective solutions for construction 
projects. By eliminating the need for expensive molds and 
tooling, 6D printing substantially reduces initial setup costs. 
Moreover, the ability to print complex components as a single 
piece, rather than assembling multiple parts, cuts down on 
labor costs and assembly time. Scalability is another advantage 
of 6D printing. Whether it's a small-scale architectural model or 
a large-scale building component, 6D printers can be tailored to 
meet various project requirements. �is �exibility allows 
architects and contractors to undertake projects of diverse 
scales and complexities, maximizing e�ciency and pro�tability.
Disaster response and humanitarian aid
In the a�ermath of natural disasters or humanitarian crises, 
prompt and e�cient construction is essential for providing 
shelter and basic amenities to a�ected populations. 6D printing 
technology can be deployed in disaster- stricken areas to 
quickly fabricate temporary shelters, emergency housing, and 
infrastructure components. Portable 6D printers, capable of 
using locally sourced materials, enable rapid on-site 
construction, addressing the urgent housing needs of displaced 
communities. Furthermore, 6D printing facilitates the 
production of essential items such as water �ltration systems, 
medical equipment, and sanitation facilities, enhancing the 
overall disaster response e�orts.

Education and research
6D printing has a profound impact on architectural education 
and research. Educational institutions can incorporate 6D 
printing technology into their curricula, providing students 
with hands-on experience in advanced manufacturing 
techniques. �is exposure equips future architects and 
engineers with valuable skills and prepares them for the 
evolving demands of the industry. Additionally, researchers can 
explore innovative applications of 6D printing, pushing the 
boundaries of what is possible in construction. Collaborations 
between academia and industry can lead to groundbreaking 
discoveries and novel approaches to design and construction, 
fostering continuous innovation in the AEC sector.

Challenges in Implementing 4D/5D/6D Printing 
Technology
�e Architecture, Engineering, and Construction (AEC) sector 
is currently experiencing a signi�cant transformation as it 
integrates advanced technologies such as 4D, 5D, and 6D 
printing [9,11,13]. �ese cutting- edge methods hold the 
potential to revolutionize the entire process of designing, 
constructing, and managing buildings. 4D printing involves the 
use of materials that can change their properties over time, 
while 5D printing integrates cost estimation into the design 
phase, and 6D printing incorporates sustainability and lifecycle 
analysis [10,12,14]. However, while these technologies o�er 
immense promise, their implementation in the AEC industry is 
accompanied by a multitude of challenges [21,24-27].

Material constraints:

One of the primary hurdles in 4D/5D/6D printing technology is 
the limited availability of suitable materials. For 4D printing, 
materials must exhibit dynamic properties, enabling them to 
alter their shape, size, or functionality over time. Discovering 
materials that are both durable, cost-e�ective, and 
environmentally friendly presents a signi�cant obstacle. 
Likewise, integrating cost-e�ective and sustainable materials 
for 5D and 6D printing poses challenges concerning both 
procurement and compatibility with existing construction 
materials.

Technological limitations:

AEC professionals necessitate specialized so�ware and 
hardware to e�ectively implement 4D/5D/6D printing 
technology. �e industry requires advanced design so�ware 
capable of creating dynamic, cost-integrated, and sustainable 
models. Additionally, it demands 3D printers capable of 
handling advanced materials and producing intricate designs. 
�e high cost associated with acquiring and maintaining these 
technologies can deter many smaller �rms within the industry.

Complexity of implementation:

Integrating 4D/5D/6D printing technology entails a steep 
learning curve. AEC professionals must undergo training to 
adeptly employ these new tools and techniques. �e integration 
of these technologies into existing work�ows and project 
management systems can disrupt established processes, 
demanding signi�cant time and e�ort for adaptation. 
Resistance to change within the industry can considerably slow 
down the adoption process.

Regulatory and standards challenges:

�e AEC industry is heavily regulated, adhering to various 
building codes and standards to ensure safety and compliance. 
�e introduction of 4D/5D/6D printing technology necessitates 
updating these regulations to accommodate innovative designs 
and materials. Establishing new standards for testing and 
certifying 4D-printed materials and structures is vital to 
guarantee their reliability and safety.

Cost implications:

While 4D/5D/6D printing technology has the potential to 
enhance e�ciency and reduce construction costs over time, the 
initial investment is substantial. Small and medium-sized 
companies may �nd it challenging to justify this expenditure, 
especially when they have uncertainty about the technology's 
long-term bene�ts. Additionally, cost estimation in 5D printing 
demands accurate data and specialized so�ware, which can be 
expensive to acquire and maintain.

Supply chain challenges:

�e implementation of 4D/5D/6D printing technology requires 
a dependable supply chain for specialized materials and 
components. Delays or disruptions in the supply chain can 
signi�cantly impact construction schedules and in�ate project 
costs. Ensuring a consistent supply of high-quality materials is 
crucial for the successful implementation of these technologies.

Sustainability and environmental concerns:

While 4D/5D/6D printing technologies o�er the potential to 
enhance sustainability in the AEC industry, concerns arise 
regarding the environmental impact of new materials and 
manufacturing processes. �e industry must address issues 
related to the recyclability of 4D-printed materials and the 
environmental footprint of 3D printing processes. Striking a 
balance between innovation and environmental responsibility 
is a critical challenge.

Collaboration and communication:

E�ective collaboration among various stakeholders, including 
architects, engineers, contractors, and clients, is essential for the 
success of construction projects. Implementing 4D/5D/6D 
printing technology requires seamless communication and 
collaboration throughout the project lifecycle. Ensuring that all 
involved parties are well- informed and capable of working with 
the new technologies presents a signi�cant challenge.

Data security and privacy:

With the integration of advanced technologies, there is a 
growing concern about data security and privacy. AEC projects 
involve sensitive information, and protecting this data from 
cyber threats is crucial. Implementing robust cybersecurity 
measures to safeguard design �les, project plans, and other 
con�dential data is a challenge that the industry must address.

Cultural and mindset shi�:

�e introduction of 4D/5D/6D printing technology necessitates 
a cultural shi� within the AEC industry. Professionals must 
adopt a mindset of innovation and continuous learning. 
Overcoming resistance to change and fostering a culture that 
encourages experimentation and adaptation is a signi�cant 
challenge. Companies must invest in training and development 
programs to upskill their workforce and prepare them for the 
future of construction technology.

Future Advancements of 4D/5D/6D Printing 
Technology in AEC
�e realm of Architecture, Engineering, and Construction 
(AEC) has experienced signi�cant transformations, propelled 
by technological advancements [70-75]. Among the innovative 
frontiers within this domain, 4D, 5D, and 6D printing 
technologies stand out [15,17,19]. �ese multidimensional 
printing techniques possess the potential to revolutionize the 
entire lifecycle of buildings—from design and construction to 
maintenance.

Future advancements in 4D printing
Smart materials and nanotechnology:

Future advancements in 4D printing will be propelled by the 
development of intelligent materials and nanotechnology 
[76-80]. Scientists and engineers are focusing on materials that 
can respond more e�ciently to various stimuli, with 
nanotechnology enabling the fabrication of intricate structures 
at the molecular level, enhancing the capabilities of 4D printed 
objects.

Enhanced customization:

Progress in 4D printing will lead to highly personalized and 
adaptive structures. Architects will design buildings that can 

change con�gurations based on environmental conditions or 
user requirements, such as adaptive facades adjusting 
permeability based on sunlight and temperature, thereby 
improving energy e�ciency.

Collaboration with arti�cial intelligence:

Integration of 4D printing technology with arti�cial intelligence 
(AI) will enable predictive modeling and simulations 
[7,8,81-87]. AI algorithms can analyze data from various 
sources, predict potential construction issues, and optimize 
designs for enhanced e�ciency, reducing errors in the 
construction process [85,87].

Future advancements in 5D printing
Real-time cost estimations:

Future advancements in 5D printing will focus on real-time cost 
estimations using sophisticated algorithms [88- 95]. �ese 
algorithms will consider factors such as material costs, labor 
expenses, equipment usage, and project timelines, providing 
accurate and updated cost estimates throughout the 
construction process.

Advanced project scheduling:

5D printing will enable precise project scheduling by 
integrating with Building Information Modeling (BIM) systems 
[96-100]. Construction professionals can create detailed 
schedules, track progress in real-time, and identify potential 
delays. Advanced analytics and AI algorithms will optimize 
schedules, ensuring e�cient resource utilization and timely 
project completion.

Blockchain integration for �nancial transparency:

Blockchain technology will be integrated into 5D printing 
processes to enhance �nancial transparency and accountability 
[101-103]. Smart contracts on the blockchain will automate 
payments, ensuring prompt payment to contractors and 
suppliers upon ful�lling their obligations. Such integration can 
reduce disputes, enhance trust, and streamline �nancial 
transactions within the industry [104-108].

Future advancements in 6D printing
Comprehensive environmental impact analysis:

Future advancements in 6D printing technology will focus on 
developing tools for analyzing the environmental impact of 
construction projects comprehensively [109-115]. �ese tools 
will consider factors like carbon footprint, energy consumption, 
waste generation, and water usage, providing detailed insights 
for stakeholders to make informed decisions, minimizing 
ecological harm.

Sustainable materials and recycling:

6D printing will promote the adoption of sustainable materials 
in construction [116-121]. Researchers are developing 
eco-friendly materials that can be 3D printed and reused in 
subsequent projects [122-126]. Additionally, such 
advancements in recycling technologies reducing the industry's 
environmental footprint [110,127-131].

Energy-e�cient building systems:

Integration of 6D printing with energy modeling so�ware will 

lead to highly e�cient building systems. Future buildings will 
feature 3D printed components optimizing energy usage, 
harnessing renewable energy sources, and enhancing overall 
sustainability [132-139]. Smart HVAC systems, lighting 
controls, and insulation materials will seamlessly integrate into 
the construction process, ensuring energy e�ciency and 
reduced operational costs [140- 143].

Conclusions
�is research thoroughly explored the applications, challenges, 
and future advancements of 4D/5D/6D printing technology in 
the AEC sector, shedding light on the vast possibilities and 
complexities associated with these cutting-edge techniques. 
One of the most signi�cant �ndings of this research is the wide 
range of applications that 4D, 5D, and 6D printing technologies 
o�er to architects, engineers, and construction professionals. 
4D printing, involving materials that can transform or 
self-assemble over time, enables the creation of dynamic 
structures that adapt to changing environmental conditions. In 
architecture, this translates to intelligent buildings that respond 
to weather patterns, ensuring energy e�ciency and occupant 
comfort. 5D printing integrates cost estimation into the design 
and construction process, o�ering real-time data on project 
expenses. �is integration allows for more accurate budgeting, 
reducing the likelihood of cost overruns and delays. 
Consequently, the AEC industry can optimize project timelines 
and resources, leading to streamlined construction processes 
and increased overall e�ciency. Additionally, 6D printing, 
incorporating sustainability parameters, facilitates the 
development of eco-friendly structures. By using 
environmentally conscious and energy-e�cient materials, 
architects and engineers can make substantial contributions to 
the global sustainability agenda. �ese applications underscore 
the transformative potential of 4D/5D/6D printing technology 
in revolutionizing the AEC industry.

 Nevertheless, these transformative technologies come with 
challenges that the industry must address to fully leverage their 
potential. �e research identi�ed several obstacles, including 
the high initial costs of 4D/5D/6D printing equipment, the need 
for specialized expertise, and the absence of standardized 
processes and materials. Ethical concerns related to 
autonomous construction processes and their impact on 
traditional labor markets also loom large. Addressing these 
challenges necessitates collaborative e�orts from various 
stakeholders, including industry professionals, researchers, 
policymakers, and technology developers. Investments in 
research and development are crucial to advancing 4D/5D/6D 
printing technology, making it more accessible and 
cost-e�ective for widespread adoption. Standardization e�orts 
are equally important, ensuring compatibility between di�erent 
printing systems and materials, fostering interoperability, and 
promoting a seamless exchange of information across the 
industry. Looking ahead, the future of the AEC industry 
appears promising as 4D/5D/6D printing technology continues 
to evolve. Researchers and innovators are exploring novel 
materials, re�ning printing techniques, and enhancing 
automation processes, all of which contribute to the 
technology's maturity. With the intersection of advancements 
in arti�cial intelligence and machine learning with 4D/5D/6D 

printing, we can anticipate even more sophisticated and 
intelligent structures, capable of adapting to complex and 
dynamic environments in real-time. Furthermore, 
collaboration between academia and industry will be pivotal in 
shaping the future of these technologies. Research institutions 
can focus on fundamental studies, pushing the boundaries of 
materials science and engineering principles. Industry partners, 
on the other hand, can provide valuable insights into practical 
applications, driving innovation based on real-world challenges 
and requirements. Embracing these technologies will 
undoubtedly propel the AEC industry into a new dimension of 
creativity, e�ciency, and sustainability, shaping the skylines of 
tomorrow in ways we can only begin to imagine.
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building and its surroundings. Table 1 shows the applications, 
challenges, and future advancements of 4D Printing in AEC 
Industry.

Customizable interior design and furniture
In the realm of interior design and furniture, 4D printing o�ers 
new possibilities for customization and �exibility. Architects 
and designers can create furniture pieces, room dividers, or wall 
panels that can transform their shapes or functionalities based 
on users' preferences or speci�c needs. For instance, a 
multifunctional table could adjust its height or con�guration, 
accommodating various activities or spatial requirements. �is 
level of customization not only enhances user experience but 
also reduces waste by eliminating the need for mass-produced, 
one-size- �ts-all furniture items.

Adaptive infrastructure
4D printing has the potential to transform infrastructure 
projects by introducing adaptability and resilience. 
Infrastructure elements such as bridges, dams, or pipelines can 
be constructed using 4D-printed components that respond to 
environmental factors like seismic activity or �ooding. �ese 
adaptive structures can withstand varying stress levels and 
adjust their shapes or supports to prevent damage or collapse. 
By integrating sensors and actuators into the infrastructure, 
real-time data can be collected and analyzed, allowing for 
predictive maintenance and ensuring the longevity and safety of 
critical infrastructure assets.

Smart construction materials
A signi�cant impact area for 4D printing lies in the 
development of smart construction materials. By embedding 
sensors, actuators, or microprocessors into construction 
materials like concrete, steel, or polymers, these materials can 
exhibit responsive behavior. For instance, 4D-printed concrete 
can self-heal cracks by releasing repairing agents when damage 
is detected, enhancing the durability and longevity of 
structures. Additionally, smart materials can monitor structural 
integrity, detect faults, and trigger self-repair mechanisms, 
thereby reducing maintenance costs and increasing the overall 
safety of buildings and infrastructure.

Temporary structures and disaster relief
4D printing technology can be instrumental in the rapid 
deployment of temporary structures during emergencies or 
disaster relief e�orts. �ese structures can be designed to 
unfold, assemble, or in�ate themselves when exposed to speci�c 
environmental conditions, providing immediate shelter, 
medical facilities, or storage spaces in crisis- stricken areas. 
Moreover, the lightweight and portable nature of 4D-printed 
temporary structures allows for easy transportation and quick 
setup, ensuring timely assistance to a�ected communities.

Sustainable construction practices
Sustainability is a central concern in the modern construction 
industry, and 4D printing o�ers innovative solutions to enhance 
sustainable construction practices. By utilizing biodegradable 
and eco-friendly materials in 4D printing processes, the 
industry can reduce its environmental impact and minimize 
waste generation. Additionally, the adaptability and e�ciency 

of 4D-printed structures contribute to resource optimization, as 
buildings can respond to changing environmental conditions, 
ensuring optimal energy and water usage. �is approach aligns 
with the principles of sustainable architecture and promotes the 
development of eco-conscious communities.

Enhancing construction site safety and monitoring:

Utilizing 4D printing technology can signi�cantly improve 
construction site safety by incorporating sensors and actuators 
into smart safety equipment like hard hats and vests. �ese 
embedded devices provide real-time data on workers' vital 
signs, fatigue levels, and environmental conditions, enabling 
timely alerts to both workers and supervisors about potential 
hazards. Moreover, 4D-printed sensors can be integrated into 
the construction site itself, monitoring structural integrity, 
material stress, and environmental factors. �is innovation 
facilitates predictive maintenance and early detection of issues, 
ensuring a safer working environment.

Customized structural components:

4D printing enables the creation of customized structural 
components designed speci�cally for unique architectural 
concepts and engineering needs. It eliminates the limitations of 
traditional manufacturing methods, allowing for the precise 4D 
printing of intricate trusses, columns, facades, and other 
complex geometries. �ese bespoke components not only 
enhance the aesthetic appeal of buildings but also optimize 
material usage, minimize waste, and enhance structural 
performance. Architects and engineers can explore innovative 
designs that were previously challenging to achieve with 
conventional construction techniques.

Adaptive insulation and climate control:

Engineered 4D-printed materials respond dynamically to 
environmental conditions, o�ering adaptable insulation and 
climate control within buildings. For instance, thermal 
insulation materials can adjust their properties based on 
temperature, ensuring comfort in varying weather conditions. 
Similarly, 4D-printed shading devices can change angles and 
positions to regulate natural light entry, optimizing daylighting 
and reducing reliance on arti�cial lighting. �is adaptability 
enhances energy e�ciency, reduces HVAC costs, and promotes 
sustainable building practices.

Integrated mechanical, electrical, and plumbing (MEP) 
systems:
4D printing technology facilitates the creation of integrated 
MEP components, combining multiple functions within a 
single 4D-printed unit. Examples include ductwork embedded 
with sensors and air�ow-controlling mechanisms for 
ventilation adjustments based on occupancy and air quality. 
Additionally, 4D-printed electrical conduits can incorporate 
smart wiring systems for real-time power consumption 
monitoring and energy distribution optimization. Integrating 
MEP systems into 4D-printed components streamlines 
construction processes, reduces installation time, and simpli�es 
maintenance due to self-monitoring capabilities.
On-demand construction solutions:
4D printing revolutionizes the construction process by enabling 
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