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A B S T R A C T   

This systematic review, not financially supported by any funding body, aims to synthesize the 
current knowledge on the applications, potential benefits, and challenges of 4D printing in civil 
engineering, with a focus on its role in sustainable solutions. Comprehensive searches were 
conducted in Scopus, Web of Science, and Google Scholar using related keywords. Articles that 
discussed 4D printing within civil engineering and construction contexts, encompassing both 
conceptual and empirical studies, were included. The findings suggest that 4D printing, with its 
time-responsive transformation feature, can enhance design freedom, improve structural per-
formance, and increase environmental efficiency in construction. However, challenges persist in 
material performance, scalability, and cost. Despite these, ongoing advancements signal potential 
future developments that could widen the opportunities for large-scale applications of 4D printing 
in civil engineering. The potential use of renewable, bio-based materials could also lead to more 
sustainable construction practices. This review highlights the transformative potential of 4D 
printing, underlining the need for further research to fully leverage its capabilities and address 
current limitations. 4D printing emerges as a promising avenue for sustainable civil engineering 
solutions, offering a transformative approach that calls for continued exploration and 
development.   

1. Introduction 

Skylar Tibbits, a professor at the Massachusetts Institute of Technology (MIT), first introduced the concept of 4D printing in a TED 
talk. He described 4D printing (4DP) as the capacity to program materials to undergo changes in shape, properties, and even process 
information over time. Since the introduction of this concept, researchers and engineers worldwide have been working to advance and 
perfect this technology, investigating its potential applications in fields such as architecture, aerospace, and medicine. Civil engi-
neering, a field characterized by continuous innovation, shapes the built environment and infrastructure that underpins our societies. 
As new technologies emerge, civil engineering adapts, seeking more efficient methods to design, construct, and maintain the structures 
that surround us [1]. One such technological advancement with the potential to transform civil engineering is 4DP. In this intro-
duction, we will delve into the concept of 4DP and its potential impact on civil engineering. 

4DP expands upon the foundation of 3D printing (3DP), a technology that enables the creation of intricate, three-dimensional 
objects through the layer-by-layer deposition of material. While 3DP has already found numerous applications in civil engineering, 
from architectural models to full-scale structural components, 4DP propels this technology to new heights. The defining characteristic 
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of 4DP is the use of materials that can change their properties and behavior over time in response to external stimuli. These “smart 
materials,” such as shape-memory polymers, hydrogels, and stimuli-responsive composites, enable the creation of structures that can 
adapt to changing conditions, such as temperature, moisture, and load [2,3]. 

In the context of civil engineering, 4DP offers several advantages. First, it allows for the development of adaptive and responsive 
infrastructure, which can improve safety and resilience in the face of natural disasters or extreme weather conditions. For example, a 
4D-printed bridge might be able to redistribute load in real-time, ensuring structural integrity even under unexpected stresses. Second, 
4DP has the potential to contribute to more sustainable construction practices. By using materials that can be programmed to change 
their properties, it becomes possible to minimize waste, reduce energy consumption, and create eco-friendly structures. Moreover, 4D- 
printed components can be designed to self-assemble or self-heal, reducing the need for manual labor and maintenance. Finally, 4DP 
opens new design possibilities in civil engineering. Complex geometric structures that were previously difficult or impossible to create 
using traditional methods can now be easily fabricated. This enables architects and engineers to push the boundaries of what is 
possible, creating structures that are not only functional but also aesthetically striking [4–6]. 

Scalability is a significant concern when it comes to integrating 4DP into civil engineering. While small-scale prototypes and 
components have been successfully produced, scaling up this technology for large infrastructure projects presents unique challenges. 
This requires advancements in the printing process, materials, and equipment to ensure that 4D-printed structures can maintain their 
adaptive capabilities and structural integrity at larger scales. Material limitations also pose a challenge for 4DP in civil engineering. 
While smart materials exhibit remarkable properties, they must be balanced against factors such as durability, cost-effectiveness, and 
compatibility with existing construction materials. Ongoing research and development efforts are needed to identify and refine ma-
terials that meet the demands of civil engineering applications without sacrificing the benefits offered by 4DP [2,3]. 

Maraveas, C. et al. [7] delved into the potential of 4DP technology in producing sustainable plastics for agricultural use. The 
authors illuminated the advancements in material science, design, and manufacturing processes that have fostered the development of 
4DP. This printing technology incorporates the use of smart materials that have the capacity to morph their shape and properties over 
time, in response to external stimuli. They underscored the potential benefits of employing 4D-printed sustainable plastics in agri-
culture. These advantages include the deployment of controlled-release systems for fertilizers and pesticides, adaptive irrigation 
systems, and crop protection structures. Concurrently, they addressed the challenges associated with material development, scal-
ability, and regulatory issues. The authors concluded that 4DP harbors considerable potential for revolutionizing sustainable plastics 
production within agriculture. They emphasized the necessity for ongoing research, development, and interdisciplinary collaboration 
to fully realize its potential. 

Ameta, K. L. et al. [8] delivered an exhaustive review of the present state and future prospects of 3D and 4DP technologies within 
the scope of sustainable and environmentally friendly smart manufacturing. The authors explored the advancements in the materials, 
processes, and applications linked with these printing technologies, along with the challenges and opportunities they pose for sus-
tainable manufacturing. The environmental ramifications of adopting 3D and 4DP were also discussed, such as waste reduction, 
resource efficiency enhancement, and the promotion of circular economy principles. The review emphasized the potential of these 
technologies across various industries, including healthcare, aerospace, automotive, and construction. Moreover, it underlined the 
need for further research, development, and collaboration among stakeholders to tackle the associated challenges and fully exploit the 
benefits of 3D and 4DP in sustainable and environmentally friendly smart manufacturing. 

Ram Kishore, S. et al. [9] conducted a study on the potential of utilizing natural fiber biocomposites in 4DP for sustainable 
agricultural applications like bio-mulching. The authors thoroughly examined the current state of 4DP technologies and materials, 
highlighting the benefits of employing natural fibers. These benefits included a reduced environmental impact, enhanced mechanical 
properties, and increased biodegradability. The potential advantages of using 4D-printed natural fiber biocomposites in agriculture 
were discussed. These advantages comprised improved soil health, minimized plastic waste, and boosted crop productivity. The article 
also underscored the challenges and existing research gaps in the field, such as material processing, printability, and long-term per-
formance. This emphasized the necessity for continued research and development to fully tap into the potential of 4D-printed natural 
fiber biocomposites for sustainable agricultural applications and beyond. 

Regulatory challenges must also be considered as 4DP becomes more prevalent in civil engineering. Building codes and standards 
will need to be updated to accommodate the unique properties and behaviors of 4D-printed structures. This process will require 
collaboration between researchers, engineers, policymakers, and regulators to ensure that the benefits of 4DP can be realized while 
maintaining the safety and reliability of the built environment [10]. 

Alves, J. L. et al. [11] engaged in a comprehensive discussion surrounding the potential applications and challenges of 4DP in the 
construction industry. The authors scrutinized the current state of 4DP technology, materials, and design methodologies, assessing 
their potential for fostering adaptive, sustainable, and efficient construction solutions. They further delved into the potential impli-
cations of 4DP on construction processes, labor, and environmental factors. The chapter probes into the challenges and constraints 
related to 4DP in construction, such as material development, printability, and regulatory concerns. In conclusion, the authors sug-
gested prospective research directions and strategies to surmount these challenges, thereby enabling successful implementation of 4DP 
in the construction sector. They ultimately queried whether 4DP represents a current reality, a glimpse into the future, or is merely a 
facet of science fiction in the context of construction. 

Debrah, C. et al. [12] explored the role of artificial intelligence (AI) in promoting green building practices in their article. The 
authors studied various AI techniques and algorithms applied in the design, construction, and operation phases of green building 
projects, highlighting their potential to enhance energy efficiency, reduce environmental impacts, and optimize resource utilization. 
The study provided a comprehensive review of current AI applications in green buildings, such as building information modeling 
(BIM), generative design, and performance simulation, as well as their effectiveness in achieving sustainable goals. Additionally, the 
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authors discuss the challenges and limitations associated with the adoption of AI in the green building sector, such as data quality and 
privacy concerns. The article concluded by proposing future research directions and strategies for harnessing the potential of AI in 
advancing green building practices, emphasizing the need for interdisciplinary collaboration, improved data management, and 
continued innovation. 

The integration of 4DP into civil engineering mandates a notable shift within the workforce. Professionals such as construction 
workers, engineers, and architects will need to undertake retraining and upskilling to comprehend and work effectively with 4DP 
technologies and materials. This calls for a unified effort from educational institutions, professional organizations, and industry 
stakeholders to guarantee that the forthcoming generation of civil engineering professionals is equipped with the requisite knowledge 
and skills to harness 4DP’s potential [4]. In conclusion, the incorporation of 4DP into civil engineering carries immense potential to 
shape future infrastructures. As we confront and surmount the challenges and limitations of this technology, we lay the groundwork for 
a new epoch of adaptive, sustainable, and innovative civil engineering solutions. Embracing 4DP can allow us to construct a more 
intelligent, efficient, and resilient built environment, designed to serve the needs of our communities for generations to come. 

Furthermore, 4DP is emerging as a transformative technology in the field of construction, promising revolutionary changes in how 
buildings and infrastructures are designed, constructed, and operated. This technology extends the capabilities of 3DP by introducing 
an additional time-based dimension, enabling printed structures to transform or self-assemble in response to external stimuli [1]. The 
potential of 4DP in construction is vast, yet its realization depends on advances across multiple research fronts. Existing literature 
provides numerous insights into these directions, which this paper aims to critically review. Recent studies highlight the advantages of 
4DP in creating complex geometries that were previously challenging or even impossible to achieve with conventional construction 
techniques. 4DP facilitates the incorporation of smart materials that can adapt to changing environmental conditions, thereby 
enhancing the sustainability and resilience of built environments. However, these potential benefits are not without challenges. The 
selection of suitable materials for 4DP remains a crucial issue, with ongoing research exploring the adaptation of various materials, 
such as shape-memory alloys and polymers, hydrogels, and biopolymers, for construction applications [5,13]. Moreover, the scal-
ability of 4DP for large-scale construction is another topic of active investigation. Studies are investigating the suitability of different 
printing technologies, such as Stereolithography (SLA) and Digital Light Processing (DLP), for large-scale 4DP [14]. This includes an 
examination of their feasibility for printing small and intricate components, which may not be possible with other methods. 

Finally, the application of 4DP technology in civil engineering, though in its nascent stages, promises groundbreaking advances in 
the field. While 3DP technology offers the advantage of fabricating intricate geometric designs, 4DP takes it a notch higher by 
incorporating the element of transformation over time, facilitating self-assembly and response to environmental stimuli. This review 
provides a detailed examination of the current state of 4DP in civil engineering, presenting a critical analysis of existing research and 
discussing potential future developments. Our focus is not only to explore technological advancements but also to draw in-
terconnections between them and shed light on how they might influence the future of civil engineering. While there are existing 
reviews that discuss 4DP technology, this review stands unique in its specific focus on the application and potential of 4DP in civil 
engineering. Unlike previous reviews, we delve deeper into the potential uses, benefits, and challenges of 4DP technology in the 
construction of large civil structures such as buildings, bridges, and dams. Moreover, our review provides an in-depth analysis of the 
methodological approaches used in this emerging field and offers a comprehensive summary and comparison of various studies. This 
approach allows us to provide a richer, more nuanced understanding of the state of 4DP technology in civil engineering and offer more 
targeted recommendations for future research and development in this field. 

2. Methodology 

This review is based on a comprehensive and systematic literature search conducted in scientific databases, including Scopus, Web 
of Science, and Google Scholar. We have also searched for additional relevant papers in the references of the articles found in the 
databases to ensure the review is exhaustive. The search was conducted using a combination of keywords and terms related to “4DP,” 
“Civil Engineering,” and “Construction.” We have also included articles that discuss the potential of 4DP in civil engineering, even if 
they did not focus exclusively on this topic. The selection criteria were as follows:  

• Articles published.  
• Articles that discussed 4DP in the context of civil engineering and construction  
• Both conceptual and empirical studies 

Once we identified relevant articles, we analyzed them to extract information on the advantages, limitations, applications, and 
future directions of 4DP in civil engineering. The analysis involved both thematic synthesis and content analysis. Through this 
literature and rigorous methodological approach, we aimed to provide a comprehensive overview of the state of the art in 4DP in civil 
engineering, identify gaps in the current literature, and suggest directions for future research. 

3. Scales and materials for 4D printing technology 

One of the key advantages of 4DP of materials in civil engineering is that it allows for the creation of complex and sophisticated 
structures at a variety of scales. The technology can be used to print structures ranging from small, intricate components to large-scale 
buildings and infrastructure projects. To understand the advantages of 4DP see Fig. 1. At the smaller end of the scale, 4DP can be used 
to create micro-scale structures such as sensors, actuators, and microfluidic devices. These structures can be used in a variety of 
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applications, from biomedical engineering to environmental monitoring and control. At the larger end of the scale, 4DP can be used to 
create full-scale buildings and infrastructure projects. For example, researchers at the Singapore Centre for 3DP have developed a 
technique for 4DP of concrete that can be used to create self-assembling buildings and structures [2,10,15]. These structures are 
designed to adapt to changing environmental conditions, such as earthquakes or sea level rise, and can be used in a variety of ap-
plications, from disaster relief to urban planning and design. 

In addition to buildings and infrastructure projects, 4DP can also be used to create a wide range of other structures in civil en-
gineering. These include bridges, tunnels, roads, and other transportation infrastructure, as well as dams, levees, and other water 
management structures. 4DP can also be used to create materials and structures for use in renewable energy applications, such as wind 
turbines and solar panels [10]. Overall, the potential applications of 4DP of materials in civil engineering are vast and varied, and the 
technology has the potential to transform many different aspects of the built environment. By enabling the creation of structures that 
are more efficient, sustainable, and adaptable, 4DP can help us build a better and more resilient built environment for the future. 

In terms of the scales for printing, 4DP can be used to print structures at different levels of detail, ranging from micrometers to 
meters. The scale of the structure being printed will depend on the specific application and the capabilities of the printing technology 
being used. For example, at the micro-scale, researchers have used 4DP to create tiny sensors and actuators that can be embedded in 
medical devices or used for environmental monitoring. These structures may be only a few millimeters in size and require high 
precision printing techniques. At the larger end of the scale, researchers have used 4DP to create building components and structures, 
such as walls, floors, and columns. These structures may be several meters in size and require a larger-scale printing technology, such 
as a robotic arm or a gantry system [2,3,15]. 

It is worth noting that the size and complexity of the structure being printed will also impact the time and cost required for printing. 
Printing a complex structure, such as a building, may require thousands or even millions of individual printing steps, each of which can 
take several hours or more to complete. This means that 4DP of materials is still a relatively slow and expensive process and may not be 
suitable for all applications. As 4DP technology advances, it is expected that the process will become faster and more cost-effective, 
making it more suitable for a wider range of applications in civil engineering [2]. Continued research and development in the field 
of 4DP will likely lead to the discovery of new materials and printing techniques that can further expand the possibilities for this 
technology. In conclusion, 4DP offers immense potential in civil engineering, enabling the creation of adaptive, sustainable, and 
innovative structures at various scales. From small-scale sensors and actuators to large-scale buildings and infrastructure projects, 4DP 
has the potential to transform the way we design, construct, and maintain our built environment. As technology continues to develop 
and become more accessible, we can expect to see an increasing number of applications for 4DP in civil engineering, leading to a 
smarter, more efficient, and more resilient future for our communities. 

3.1. 4D printing technologies and their potential for large-scale applications 

The capabilities and constraints of various 4DP technologies greatly affect their potential for use in large-scale civil engineering 
applications. Currently, many 4DP technologies are adaptations of existing 3DP technologies, each with unique advantages and 
limitations that determine their suitability for different tasks. Stereolithography (SLA) and Digital Light Processing (DLP) are two such 
technologies, both of which utilize light to cure photosensitive polymers. SLA uses a laser to cure the material layer by layer, while DLP 
cures an entire layer simultaneously using a digital projector. These technologies can produce highly detailed and complex structures. 
However, they currently face challenges in scaling up due to factors such as the time and energy required for curing, and the need for a 
controlled environment to prevent premature curing. Fused Deposition Modeling (FDM), another common 3DP technology, has also 
been adapted for 4DP. FDM extrudes a filament of material that hardens upon cooling, allowing the fabrication of structures layer by 
layer. With FDM, it’s possible to print with multiple materials in a single print job, making it a promising technology for 4DP of objects 
that respond to different stimuli [5,17]. 

Despite the current difficulty in scaling up 4DP technologies like SLA and DLP, these technologies can still play a crucial role in the 
creation of smaller components for civil engineering structures. For instance, they can be used to produce intricate, responsive ele-
ments that can be integrated into larger structures. This could include components designed to react to environmental stimuli, 
improving the overall adaptability and resilience of the structures. In terms of future potential for large-scale 4DP, ongoing research 

Fig. 1. Overview of the 4D printing process [16].  
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and development are key. Future advancements could lead to new materials and technologies that can be printed more efficiently at 
larger scales, expanding the potential applications of 4DP in civil engineering. 

While the practical realization of 4D printed large-scale structures such as dams, bridges, and tunnels is still at its infancy, several 
innovative projects and research studies are currently exploring the potential of this technology. Moreover, the concept of smart dams 
built using 4D printed materials that can adapt to environmental changes and stress over time is being explored as a theoretical 
possibility. The vision here is to use 4DP to create dams that can autonomously adjust their structural properties in response to water 
flow variations or geological shifts, potentially enhancing their safety and longevity. Regarding tunnels, while no existing projects have 
realized full-scale 4D printed tunnels, the potential for implementing 4DP in tunnel construction is significant. By using materials that 
can adapt to ground movements, water ingress, and variations in pressure, 4D printed tunnel components could improve the safety and 
durability of tunnel structures, while reducing the need for manual maintenance. It’s important to note, however, that these appli-
cations of 4DP in constructing dams, bridges, and tunnels are still largely theoretical or in the early stages of experimental research. 
Substantial further work will be necessary to validate these concepts in practice, and to overcome the considerable technical and 
regulatory challenges associated with large-scale 4DP in the civil engineering context. 

3.2. Real-world instances of 4D printing in large civil structures 

While the use of 4DP technology in large civil structures is still in its nascent stage, there have been significant research and 
development initiatives aiming to transform this vision into a reality. One of the most prominent examples of such efforts is the 
exploration of 4DP for constructing components of bridges. For example, a team of researchers has initiated the development of a 4D 
printed bridge that can adapt to various environmental stimuli. Using 4DP technology, this prototype bridge was designed with 
components that can change shape in response to varying load conditions. This adaptive behavior provides the bridge with enhanced 
structural integrity and resilience. In another instance, the concept of 4DP technology is being explored to create self-assembling 
tunnel components. These components are designed to assemble themselves into the complete tunnel structure under specific envi-
ronmental conditions, significantly reducing the manual labor required and enhancing the speed and efficiency of tunnel construction. 
While these are still preliminary applications and largely confined to research and experimental settings, they showcase the potential 
for 4DP technology to be leveraged in constructing large civil structures. The evolution of these applications over time could eventually 
result in the widespread adoption of 4DP in the construction of dams, bridges, tunnels, and more [18–20]. 

Besides, 4DP holds immense potential for transforming the building construction industry by providing innovative solutions to 
longstanding challenges. To begin with, 4DP technology could substantially reduce the labor-intensive and time-consuming processes 
in conventional construction. The ability to fabricate complex, custom-made building elements directly from digital models could 
streamline construction processes, reducing lead times, and lowering costs. Additionally, 4DP could play a pivotal role in developing 
adaptive building elements capable of responding to environmental stimuli. For instance, smart façade elements that adjust their 
properties in response to changes in sunlight or temperature can improve building energy efficiency and create more comfortable 
indoor environments. Also, the potential of 4DP in fabricating structural components with built-in resilience, such as self-healing 
materials, could significantly enhance the safety and durability of built structures. Furthermore, 4DP opens up new possibilities for 
sustainable construction. The ability to print with a variety of materials, including eco-friendly alternatives such as bio-based mate-
rials, coupled with the inherent material efficiency of additive manufacturing processes, can contribute to the green building 
movement. Finally, 4DP can be instrumental in disaster mitigation and recovery. For instance, technology can facilitate the rapid 
construction of emergency shelters following natural disasters. In the future, with further advancements, it is even conceivable to have 
4D printed buildings that can change their structure to withstand extreme weather events. While these potentials are exciting, it is 
important to acknowledge that there are still significant challenges to overcome, including technical issues related to material 
properties and 4DP processes, as well as regulatory and societal acceptance issues. Nevertheless, the ongoing research and develop-
ment in the field are promising, indicating a bright future for 4DP in building construction [21,22]. 

3.3. Responsive construction materials in 4D printing 

Four-dimensional (4D) printing, an evolution of three-dimensional (3D) printing, offers an innovative approach to manufacturing, 
enabling the creation of structures that can change and adapt over time in response to external stimuli. One of the keys to the success of 
4DP is the use of smart materials, which respond to external factors such as temperature, moisture, light, or electric fields. This 
responsiveness allows 4D printed objects to adapt to their environment, opening up a range of potential applications, particularly in 
the field of civil engineering. At the forefront of responsive materials for 4DP are Shape Memory Polymers (SMPs) and Shape Memory 
Alloys (SMAs). SMPs are a type of smart material that can change their shape in response to heat or light. Similarly, SMAs can return to 
their pre-defined shape when heated. These materials hold promise for the construction of civil structures that can adapt to envi-
ronmental changes, such as bridges that expand or contract in response to temperature fluctuations. Another promising avenue for 
research in 4DP materials for civil engineering is the development of smart concrete. Traditional concrete, while widely used in 
construction due to its strength and durability, is not inherently responsive. However, researchers are exploring ways to make concrete 
“smart.” One such example is self-healing concrete, which contains bacteria that produce limestone when exposed to water, thereby 
healing any cracks that may appear over time. Another emerging technology is thermochromic concrete, which changes color in 
response to temperature changes, potentially providing a visual indicator of structural issues [1,23–25]. 

Hydrogels are another category of smart materials that can be used in 4DP. These substances can expand or contract significantly in 
response to changes in their environment, such as shifts in temperature or pH. This property could be used in civil engineering to create 
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structures that adapt to environmental conditions, potentially improving their durability and lifespan. Although there have been 
exciting developments in the field of 4DP materials, significant challenges remain. The high cost and scarcity of smart materials can be 
a barrier to their widespread adoption. Furthermore, the complexity of designing and manufacturing 4D printed structures requires 
advanced computational models and precise control over material properties [2,26]. Despite these challenges, the potential benefits of 
4DP in civil engineering – including increased resilience, adaptability, and longevity of structures – make it a worthwhile area of 
research. In conclusion, 4DP in civil engineering represents an exciting and promising field of study. As our understanding of smart 
materials continues to grow, so too will the potential applications of 4DP in construction. 

While the potential of 4DP in civil engineering is vast, there remains a significant gap in understanding how to fully leverage these 
emerging technologies and materials. Fundamental research in materials science and engineering, computational design, and digital 
fabrication processes is needed to unlock the potential of 4DP. As advancements continue, it will be important to identify not only what 
is possible but also what is practical and sustainable for real-world civil engineering applications. One of the primary challenges for 
4DP in construction is identifying materials that can respond in a robust and reliable manner to external stimuli. While Shape Memory 
Alloys (SMAs) and Polymers (SMPs) have shown significant promise in the lab, their performance in real-world environments, under 
varying conditions and over extended periods, remains largely untested. Furthermore, questions remain about the long-term durability 
of these materials, their resilience under different environmental conditions, and their compatibility with existing construction 
techniques and regulations [27]. In addition, there is a need to develop new methods for designing and modeling 4D printed structures. 
Currently, designing a 4D printed object requires a detailed understanding of both the geometry of the object and the behavior of the 
smart material under different conditions. This can be a complex and time-consuming process, requiring expertise in materials science, 
engineering, and computational design [28]. Moreover, there is a need to develop predictive models that can accurately simulate the 
behavior of 4D printed structures over time, under varying environmental conditions. Such models could help engineers optimize the 
design of 4D printed structures, ensuring that they respond appropriately to external stimuli. 

Despite these challenges, the potential benefits of 4DP for civil engineering are significant. The ability to print structures that can 
adapt to their environment could dramatically improve the resilience and lifespan of civil infrastructure. For example, bridges could be 
designed to expand or contract in response to temperature changes, reducing the risk of thermal stress. Similarly, buildings could be 
designed to adapt to changing loads or environmental conditions, improving their energy efficiency and comfort. In the future, as our 
understanding of smart materials and 4DP techniques continues to evolve, it is likely that we will see an increasing number of ap-
plications in civil engineering. From adaptive buildings and self-healing roads to smart dams and bridges, the possibilities are vast. 
However, realizing these possibilities will require a concerted effort from researchers, engineers, and policymakers, to overcome the 
technical and regulatory challenges, and to ensure that these emerging technologies are developed in a sustainable and responsible 
manner. 

3.4. Materials for 4D printing in civil engineering 

Materials play a pivotal role in the application of 4DP technology in the field of civil engineering. The selection of materials not only 
determines the functionality and utility of the 4D printed structures but also their sustainability and environmental impact. At present, 
the market is predominantly filled with petroleum-based substrates that outperform most biological substrates in terms of cost- 
effectiveness and mechanical properties. However, these petroleum-based materials carry significant environmental implications, 
primarily due to their non-renewable nature and detrimental effect on the ecosystem. Given the rising demand for sustainable solu-
tions, there’s a growing interest in the development and use of eco-friendly alternatives. These alternatives chiefly encompass natural 
fibers and other bio-based materials. Besides potentially reducing the ecological impact of 4DP practices in civil engineering, these 
materials present opportunities to produce functionally intricate printed structures. 

Natural fibers, including cellulose, hemp, and flax, possess multiple desirable properties that make them an attractive option for 
4DP. Some of these properties include high strength-to-weight ratios, renewability, and biodegradability. However, using these fibers 
in 4DP is not without challenges. One primary challenge is their lack of stimulus-responsive properties, which are characteristic of 4D 
printed structures. Recent research has attempted to overcome this hurdle by functionalizing natural fibers with smart materials 
capable of responding to various environmental stimuli. For instance, integrating natural fibers with shape-memory polymers has been 
studied. These polymers can be programmed to change their shapes in response to a specific trigger, such as heat. As a result, the fibers 
serve a dual purpose: they reinforce the structure and provide the desired 4D functionality [29,30]. Other bio-based materials, such as 
alginate and lignin, have also been the focus of recent research for their potential application in 4DP. Alginate, a biopolymer found in 
seaweed, can be used to produce hydrogels responsive to changes in humidity and temperature. On the other hand, lignin, a by-product 
of the paper and pulp industry, exhibits shape-memory properties when combined with certain types of polymers. These materials 
show that bio-based alternatives can contribute significantly to the 4DP sector. Their use can lead to environmentally friendly con-
struction practices while adding functional complexity to the printed structures. However, the current high costs and limited avail-
ability of these materials pose a considerable challenge to their widespread application in the industry. It is important to highlight that 
research and development efforts are ongoing to reduce these costs and increase the availability of sustainable 4DP materials. With the 
increasing emphasis on sustainability in civil engineering and construction, the exploration and development of bio-based materials 
for 4DP promise an exciting avenue of future research [31,32]. 

Notwithstanding the challenges, the potential benefits offered by these bio-based materials – their renewability, biodegradability, 
and potential to create functionally complex structures – position them as strong candidates for the future of 4DP in civil engineering. 
In conclusion, the materials used in 4DP, whether petroleum-based or bio-based, significantly influence the properties, capabilities, 
and environmental impact of the resulting structures. This realization underpins the urgent need for continued research and 
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development in this area to identify and exploit new, sustainable materials that can further enhance the effectiveness and sustainability 
of 4DP in civil engineering [33]. 

3.5. Materials used in 4D printing for construction: opportunities and challenges 

The material choice in 4DP, particularly in the context of construction, plays a pivotal role due to the specific needs of adaptability, 
durability, and performance. The materials utilized can be broadly classified into two categories, smart materials, and conventional 
construction materials. Smart materials, such as Shape Memory Alloys (SMAs), Shape Memory Polymers (SMPs), Hydrogels, and 
dielectric elastomers, display a high degree of adaptability in response to external stimuli like heat, light, moisture, or electrical signals. 
SMAs and SMPs are especially noteworthy for their ability to ‘remember’ and return to their original shape after deformation. This 
property is highly beneficial for the construction of structures requiring dynamic adaptability. However, these materials are relatively 
expensive and may not be feasible for large-scale construction yet. Hydrogels are an exciting prospect for 4DP in construction due to 
their responsiveness to changes in moisture and temperature. Yet, the use of hydrogels in construction faces hurdles due to their lower 
structural strength compared to traditional construction materials, limiting their applications to non-load-bearing structures. Con-
ventional construction materials, such as concrete and metals, are also being explored for use in 4DP. For instance, the research into 
self-healing concrete and programmable cement presents intriguing possibilities for 4DP. These materials can potentially self-repair 
cracks, enhancing longevity and reducing maintenance costs. However, making these materials compatible with 4DP processes re-
mains a significant challenge due to the technical difficulties in controlling their behavior [34–36]. 

3.6. Applications and future potential of 4D printing in construction 

The potential applications of 4DP in construction are vast, as they encompass both architectural and structural elements. 4D printed 
building components can adapt to environmental conditions, self-assemble, and potentially even self-repair, making them ideal for 
creating structures that are resilient, sustainable, and efficient. For example, 4DP can be used to create adaptive building facades that 
respond to changing environmental conditions, such as sunlight and temperature. These “smart facades” can open or close to regulate 
interior temperatures, reducing the need for artificial heating or cooling and thus improving energy efficiency. Structurally, 4DP can be 
used to manufacture self-assembling components. This could significantly streamline the construction process, reducing the need for 
manual labor and enabling more complex and precise structures. Research into 4D printed concrete has suggested its use for creating 
more sustainable construction methods. This involves embedding 4D properties into the concrete to allow it to adapt and respond to its 
environment over time. This could pave the way for self-healing structures that can automatically fix cracks and faults, thus improving 
safety and longevity while reducing maintenance costs. Despite its promise, the implementation of 4DP in construction also presents 
significant challenges. The complex design process, the need for new construction practices, the high cost of smart materials, and the 
technological limitations related to scale and speed all pose hurdles. However, as research continues and the technology matures, 4DP 
could revolutionize the construction industry [37–39]. 

4. Characteristics of 4D printing materials 

The advent of 4DP technology has opened up avenues for the application of smart materials in a wide array of sectors. With the 
unique feature of being able to alter their physical properties or shape over time in response to external stimuli such as temperature, 
moisture, light, or even pH levels, these materials play a critical role in the transformative nature of 4D printed objects. Hydrogels, 
shape-memory polymers (SMPs), and light-activated polymers are some of the main categories of materials employed in 4DP. 
Hydrogels have a high-water content, and their ability to swell or shrink in response to changes in their environment makes them a 

Fig. 2. Types of materials used for 4D printing [35].  
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popular choice for 4DP applications [1,23,40]. 
SMPs, on the other hand, are noted for their ability to revert to a pre-determined shape when subjected to a particular stimulus, 

usually heat. This characteristic makes them an ideal choice for applications where the 4D printed object needs to maintain one shape 
under certain conditions and transform into another shape when these conditions change. Light-activated polymers undergo defor-
mation when exposed to specific wavelengths of light, making them suitable for precision applications. An example of this is the use of 
these materials in 4DP of medical devices where precise control over shape transformation is critical. Bio-derived materials, like 
cellulose and other natural fibers, are also gaining attention in the field of 4DP due to their environmental sustainability and potential 
for innovative applications. These materials are often combined with synthetic polymers to develop composites that leverage the 
beneficial properties of both types of materials [41,42]. Each of these materials has its strengths and weaknesses, which determine 
their suitability for different applications. As such, choosing the right material for a specific 4DP application is a complex process that 
requires careful consideration of the material’s response to stimuli, mechanical properties, durability, and printability, among other 
factors. Fig. 2 graphically illustrates various smart materials that are commonly employed in 4D printing. Among these, pH-responsive 
materials, especially polymers, hold a significant place due to their unique capability to alter their shape and volume in response to 
variations in pH value. pH-responsive polymers, such as polyelectrolytes, are integrated with ionizable side groups that can donate or 
receive protons, depending on the shift in pH. This process triggers structural deformation. The release of a proton causes an expansion 
in the polymer chain due to electrostatic repulsion, whereas the acceptance of a proton neutralizes the structure. Polyelectrolytes are 
further characterized by the presence of functional groups - polycations or polybases (like ammonium salt) and polyanions or polyacids 
(such as carboxyl or sulphonic groups). The ionizable side chains, i.e., polyanions or polyacids, release protons at higher pH levels and 
accept them at lower pH values. Simultaneously, the functional groups, i.e., polycations or polybases, behave oppositely, releasing 
protons at lower pH and accepting them at higher pH values. The characteristic pH-responsiveness of these materials has been found 
diverse applications, including drug delivery systems, soft robotics, actuators, valves, biocatalysts, and colloid stabilization. This 
categorization of materials, as shown in Fig. 2, provides a broader perspective on their potential and utilization in the 4D printing 
technology realm. 

4.1. Post-processing of 4D printed parts 

Post-processing is a critical aspect of the 4DP process that significantly impacts the final performance and quality of the produced 
parts. It includes several steps that are undertaken after the printing process to enhance the material’s properties and improve its 
aesthetics, dimensional accuracy, and functionality. Typical post-processing steps in 4DP might include:  

• Cleaning: After the printing process, the printed object is cleaned to remove any remaining support material or residue. This is 
typically done using chemical solvents or by mechanical means [43].  

• Curing: In some 4DP applications, especially those using photo-reactive resins, the printed parts require UV curing to fully solidify 
the material and enhance its mechanical properties [44].  

• Heat Treatment: Heat treatment, also known as annealing or thermal conditioning, is often used in 4DP to program the printed 
parts’ shape memory behavior. During this process, the printed object is heated to a specific temperature and held in a desired 
shape. Upon cooling, the object retains this shape until it is triggered to transform using an external stimulus [3].  

• Finishing: This process enhances the aesthetics and functional performance of the printed parts. Finishing processes may include 
sanding to smooth the surface, painting for aesthetic appeal, or coating to improve the object’s hardness or resistance to envi-
ronmental factors [45]. 

Proper post-processing can improve the overall quality of 4D printed objects and is an integral part of the 4DP workflow that 
warrants careful consideration in the design and fabrication stages. 

4.2. Key components of 4D printing for civil engineering 

Integrating 4DP into civil engineering has the potential to transform infrastructure design, construction, and maintenance. The 
critical components of 4DP in civil engineering include material selection, design, printing process, and external stimuli.  

• Material Selection: Detailed Analysis: SMPs can revert to their original form after deformation when exposed to an external 
stimulus like heat, making them suitable for structures needing to adapt to changing loads or recover from natural disasters. 
Hydrogels change their size and shape in response to environmental factors such as humidity or temperature, making them useful 
for moisture regulation or adapting to changing conditions. Stimuli-responsive composites, composed of two or more distinct 
constituents, enable engineers to create adaptive materials tailored to specific applications by combining materials with unique 
responses to external stimuli [2,3,10,15].  

• Design: Cutting-Edge Methodologies and Tools: Topology optimization is a computational design method that helps engineers 
identify optimal material distribution within a structure to achieve performance objectives while minimizing material usage. 
Generative design uses algorithms and computational tools to generate multiple design solutions based on predefined criteria, 
leading to innovative structures that leverage the unique properties of 4D-printed materials. 4DP technologies are bringing about a 
paradigm shift in the construction industry. The ability to fabricate structures that are not only complex in shape but also display 
smart behavior - transforming in response to environmental stimuli - is opening new possibilities in design and engineering. For 
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instance, the concept of self-assembling structures, made possible by 4DP, is one such development. One notable example is the 
work of Tibbits., S et al. [1], where a 4D printed structure made of a composite material was able to fold itself into a predefined 
shape when submerged in water. This smart behavior was due to the use of a hydro-responsive material, which expands or contracts 
in response to changes in water content. Such materials, when designed and 4D printed in a precise manner, can result in complex 
shape transformations that can be pre-programmed during the design stage itself. The implications of such technology in civil 
engineering are significant - for instance, components or entire structures could be shipped flat and then self-assemble on-site, 
reducing transport costs and assembly time. However, while these developments are promising, it’s crucial to consider the chal-
lenges and limitations. The material properties necessary for 4D transformations are often a trade-off with other important aspects 
such as strength, durability, and resistance to environmental degradation. In addition, the technology required for large-scale 4DP 
is still under development, and the costs associated with it can be prohibitive. Therefore, while 4DP offers exciting possibilities for 
the future of civil engineering, it is vital to continue research into overcoming these challenges [3,15,46].  

• Printing Process: Advanced Techniques and Challenges: Stereolithography (SLA) uses a light source to selectively cure liquid 
photopolymer resin, layer by layer. Although it can produce high-resolution structures, scaling for large civil engineering projects 
remains a challenge. Fused deposition modeling (FDM) involves extruding a thermoplastic filament layer by layer to build a 
structure. While FDM works with various materials, achieving high-resolution and precision in large-scale applications is chal-
lenging. Selective laser sintering (SLS) fuses powdered materials layer by layer using a high-powered laser, offering excellent 
material compatibility and high-resolution output. However, scalability and cost for large civil engineering projects need to be 
addressed, see Fig. 4 [1,2,10]. 

Figs. 3 and 4 illustrate the basic principles of several 3D and 4DP techniques, including Stereolithography (SLA), Digital Light 
Processing (DLP), and Fused Deposition Modeling (FDM), respectively. These techniques use a variety of materials suited for different 
applications in civil engineering. For instance, SLA (Fig. 3) commonly employs photopolymer resins that solidify under light exposure, 
making it suitable for creating highly detailed, small-scale models or components. DLP (Fig. 4) uses a similar mechanism but can 
achieve faster print times at the expense of some detail. 

Fig. 5 illustrates the fundamental components and operational mechanisms of two primary 4D printing processes: Stereo-
lithography (SLA) and Digital Light Processing (DLP). In this figure, the SLA process is demonstrated using a bottom-up approach, 
wherein the object is constructed starting from the bottom and moving upwards. On the other hand, DLP is depicted employing a top- 
down strategy, whereby the platform rises as the object is formed discerningly. Both these methods have their unique benefits and cater 
to specific project requirements. Their understanding is paramount for realizing the potential applications and versatility of 4D 
printing, especially in the realm of civil engineering. 

Moving forward, Fig. 6 provides an exhaustive outline of the process parameters associated with three distinct printing techniques 

Fig. 3. Schematic of Stereolithography (SLA) technology, 3DP process [47].  
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employed in 4D printing: Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS), and Stereolithography (SLA). Each 
methodology is delineated with its respective process parameters, allowing readers a comparative analysis of the different techniques. 
Such a juxtaposition is instrumental in grasping the diverse operational procedures inherent to 4D printing. It also sheds light on their 
practical implications, specifically in the civil engineering context.  

• External Stimuli: Customizing Responses and Applications: Temperature-responsive 4D-printed structures can expand, contract, 
or change shape, enabling adaptive building facades or structures that respond to seasonal variations. Moisture-responsive ma-
terials can adapt to humidity or precipitation changes, with potential applications in flood barriers, moisture-regulating compo-
nents, and structures adapting to changing ground conditions. Load-responsive 4D-printed structures can redistribute forces and 
adapt to varying loads, enhancing structural resilience and safety, particularly in earthquake-resistant structures or infrastructure 
accommodating fluctuating demands. Developing new smart materials and improving existing ones will allow engineers to design 
structures that adapt better to changing conditions, improve safety and resilience, and promote sustainable construction practices. 
Advanced computational techniques like topology optimization and generative design are essential for creating innovative and 
efficient 4D-printed structures. Scaling up 4DP technologies and understanding the relationship between external stimuli and 
adaptive behavior are crucial for tailoring materials to specific civil engineering applications. By investigating how structures 

Fig. 4. Schematic of digital light processing (DLP) technology [48].  

Fig. 5. Scheme of bottom-up stereolithography (SLA) and top-down digital light processing (DLP) setups [49].  
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respond to temperature, moisture, and load, engineers can design infrastructure components that are more adaptive, resilient, and 
efficient. By addressing the challenges and limitations of 4DP, we pave the way for a future where our built environment is smarter, 
more efficient, and more resilient than ever before [2,3,10,15]. 

As the field of 4DP for civil engineering continues to advance, interdisciplinary collaboration between material scientists, engi-
neers, architects, and urban planners will be essential in ensuring the successful implementation of these technologies in real-world 
applications. Moreover, the regulatory landscape must adapt to accommodate and support the development and deployment of 4D 
printed infrastructure components, addressing issues such as safety, standardization, and sustainability. Education and training 
programs must also evolve to prepare the next generation of civil engineers and designers for the challenges and opportunities pre-
sented by 4DP. Integrating topics such as material science, computational design, and additive manufacturing into civil engineering 
curricula will help to equip future professionals with the knowledge and skills needed to harness the potential of 4DP in their work. 
Furthermore, public awareness and acceptance of 4D printed infrastructure will play a crucial role in the widespread adoption of this 
technology. Communicating the benefits and addressing potential concerns related to 4DP will be vital in ensuring that communities 
are receptive to and supportive of these innovative solutions [1,10,15]. Ultimately, by continuing to research, develop, and refine the 
key components of 4DP for civil engineering, we can create a future where our infrastructure is not only more responsive and resilient 
but also more sustainable and efficient. As a result, we can enhance the quality of life for people in urban and rural environments alike, 
fostering more adaptable and dynamic built environments for generations to come. Table 1 offers a summary of pivotal studies in the 
realm of 4DP technology, focusing on civil engineering. The table outlines the authors, year of publication, the technology utilized, 

Fig. 6. Overview of the process parameters of three different print methods (i.e., FDM, SLS, and SLA) [45].  

Table 1 
Summary of key literature on 4DP technology in civil engineering.  

Author(s) Year Key Findings Relevance to 4DP in Civil Engineering 

Spiegel, C. A. et al. 
[50] 

2022 Demonstrated the use of shape memory polymers in 4D printing, 
allowing structures to change shape over time. 

This could be crucial in the development of adaptable 
infrastructure. 

Manshor, M. R. 
et al. [51] 

2023 Explored the potential of 4DP to create self-healing structures, 
reducing maintenance costs. 

This could significantly enhance the durability and 
lifespan of civil engineering structures. 

Ram Kishore, S. 
et al. [9] 

2023 Showed that 4DP can potentially reduce waste during the 
construction process due to its additive manufacturing nature. 

This directly relates to sustainable construction, a key 
concern in contemporary civil engineering. 

Vatanparast, S. 
et al. [52] 

2023 Proposed a novel 4D printing method that allows the precise control 
of deformation, leading to highly adaptable structures. 

This could have a major impact on design flexibility in 
civil engineering.  
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material type, application, and the key findings of each study. A separate section within the table highlights ground-breaking research 
outcomes in civil engineering using 3DP technology. This summary provides readers with a comprehensive overview of the 
state-of-the-art in 4DP for civil engineering.  

• Material Strength and Structural Rigidity in 4DP: High-rise construction, due to its inherent complexity, presents a unique set of 
challenges and requirements in terms of the strength, flexibility, and durability of the materials used. 4DP, while showing promise 
in several other applications, is still in its nascent stage when it comes to high-rise building construction. This is mainly due to the 
rigorous structural demands that must be met in such projects. In the following section, we delve into the specific material re-
quirements for 4DP in high-rise constructions and discuss the possible thermophysical and chemical changes that must be 
considered. Extrusion-based printing, a commonly used technique in 3D and 4DP, utilizes a specific consistency of the material that 
allows it to be smoothly dispensed and then quickly harden upon exposure to air. However, for high-rise construction, the transition 
from a soft, extrudable state to a rigid, durable state is of critical importance and must be carefully controlled. Too rapid a transition 
can result in structural instabilities, while a transition that is too slow can hamper the construction process. The balance between 
these extremes is largely governed by the thermophysical and chemical properties of the material used. Materials used in 4DP for 
high-rise construction must exhibit exceptional strength and durability to withstand the loads they will be subjected to. However, 
they also need to retain a certain level of flexibility and adaptability to accommodate building movements caused by factors such as 
wind, seismic activity, and thermal expansion. Furthermore, the materials need to maintain their structural integrity over a long 
period, under various environmental conditions [1,21]. 

Various researches have been exploring the use of composite materials, often with a mixture of concrete, polymers, and certain 
types of fibers, for 4DP in high-rise construction. These composites, while providing the necessary strength and rigidity, are designed to 
undergo specific chemical reactions that allow them to harden at a controlled rate upon being extruded. However, understanding and 
controlling the complex thermophysical and chemical changes these materials undergo during the printing process remains a chal-
lenge. Key factors that need to be considered include the heat generation and dissipation during the hardening process, the chemical 
interactions between different material components, and the impact of these factors on the overall structural integrity of the printed 
structure. Therefore, further research is required to optimize the composition and processing parameters of these materials to make 
them suitable for high-rise construction. Innovative solutions such as the use of smart materials that can adapt to environmental 
changes, or materials with built-in self-healing properties, could also play a significant role in advancing the application of 4DP in high- 
rise construction [53,54]. In conclusion, while the potential of 4DP in high-rise construction is immense, careful consideration of the 
material characteristics and the control of thermophysical and chemical changes during the printing process are crucial for successful 
implementation. The development of new materials and printing techniques that can meet these stringent requirements will be a key 
focus area in future research in this field. 

5. Quantitative aspects of 4D printing in construction 

The potential of 4DP in civil engineering is inextricably linked to an understanding of the quantitative dynamics underlying the 
technology. Any evaluation of a construction technology needs to consider not just the technical possibilities it offers, but also the costs 
associated with its adoption. For 4DP, these costs are most effectively understood through the lenses of energy consumption, direct and 
indirect costs, and time consumption.  

• Energy Consumption: Energy consumption in 4DP processes can be influenced by a range of factors, from the type of materials 
being used to the complexity of the components being printed. Each type of 4DP technology, be it Selective Laser Sintering (SLS), 
Fused Deposition Modeling (FDM), Stereolithography (SLA), or others, comes with its unique energy requirements. Some processes 
may demand high energy levels for particle fusion, while others, focusing on material extrusion, could involve lower energy ex-
penditures. It is also worth noting that the specific characteristics of the material being printed can also significantly impact the 
amount of energy required for the 4DP process. The energy consumption of these processes needs to be evaluated in relation to the 
energy costs and environmental implications they entail [41].  

• Cost Considerations: When assessing the cost aspects of 4DP in construction, we need to factor in the cost of the 4D printer itself, 
the cost of materials, and the ongoing operational costs. The initial cost of 4D printers can vary greatly depending on their ca-
pabilities and the scale of operations they support. Further, material costs, dictated by the type and quality of the material chosen, 
also form a substantial part of the overall cost. Finally, operational costs, which include energy costs and maintenance costs, round 
out the financial investment required for 4DP in construction. Given the potential advantages of 4D printed structures in terms of 
their adaptive and self-assembly capabilities, these costs must be compared against the potential long-term savings and benefits 
that the technology can deliver [55].  

• Time Consumption: Another crucial factor is the time consumption of the 4DP process. The time factor is twofold, involving not just 
the time required for printing but also the subsequent time necessary for the printed structures to transform or self-assemble. The 
time consumption of the 4DP process can be influenced by the type of technology being used, the complexity of the structures being 
printed, and the characteristics of the materials. For instance, some materials may require a longer period for transformation due to 
their inherent properties [21]. 

In summary, understanding the quantitative dynamics of 4DP in construction is key to assessing its viability and potential for 
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widespread adoption. These factors underline the need for further research and development aimed at enhancing the efficiency, 
affordability, and scalability of 4DP technologies in the construction industry. 

5.1. Opportunities in civil engineering with 4D printing 

4D printing technology presents numerous opportunities for innovation, efficiency, and sustainability in civil engineering [18]. 
These opportunities include adaptive infrastructure, sustainable construction, self-assembling and self-healing structures, enhanced 
design possibilities, improved accessibility and affordability, smart transportation systems, energy-efficient infrastructure, 
disaster-resistant structures, urban planning and development, and workforce development and education.  

• Adaptive Infrastructure: 4DP enables the creation of adaptive infrastructure that responds to external stimuli such as temperature, 
moisture, and load [1], leading to increased safety, resilience, and efficiency in the built environment, especially during natural 
disasters or extreme weather events. 

• Sustainable Construction: 4DP contributes to sustainable construction practices by allowing for the design of eco-friendly struc-
tures that minimize waste, reduce energy consumption, and facilitate disassembly and recycling [2].  

• Self-Assembling and Self-Healing Structures: The potential for 4DP to create self-assembling and self-healing structures can 
revolutionize the construction process, reduce maintenance needs, and extend the service life of infrastructure components [56].  

• Enhanced Design Possibilities: 4DP opens new design possibilities, enabling the creation of complex geometric structures that are 
functional, efficient, aesthetically striking, and innovative [14].  

• Improved Accessibility and Affordability: 4DP can democratize access to advanced construction technologies, making it more 
feasible and cost-effective to deploy cutting-edge infrastructure solutions in remote or underserved areas [57]. 

• Smart Transportation Systems: 4DP can transform transportation infrastructure by enabling the development of adaptive, intel-
ligent systems that respond to real-time conditions [58].  

• Energy-Efficient Infrastructure: The use of 4D-printed materials in civil engineering can contribute to more energy-efficient 
infrastructure, such as building envelopes and facades designed to react to sunlight and temperature variations, optimizing the 
balance between natural light and thermal comfort while reducing energy consumption [59].  

• Disaster-Resistant Structures: 4DP technology can play a crucial role in developing disaster-resistant structures by designing 
structures that adapt and respond to extreme forces, such as earthquakes, hurricanes, or floods, improving infrastructure resilience 
and safety [60].  

• Urban Planning and Development: The integration of 4DP into urban planning and development can lead to more efficient, 
sustainable, and adaptable cities, leveraging the adaptive capabilities of 4D-printed materials to design flexible and dynamic urban 
spaces that can easily adapt to changing demographics, environmental conditions, and evolving community needs [61]. 

• Workforce Development and Education: The emergence of 4DP in civil engineering presents opportunities for workforce devel-
opment and education, necessitating collaboration between educational institutions, professional organizations, and industry 
stakeholders to develop training programs and curricula that prepare the next generation of civil engineers to work with 4DP 
technologies and materials [23]. 

In conclusion, the potential applications and opportunities presented by 4DP in civil engineering extend far beyond what we have 
discussed here. By embracing this innovative technology and exploring its many possible uses, we can revolutionize the way we 
approach the design, construction, and maintenance of our infrastructure, ultimately creating a more sustainable, efficient, and 
resilient built environment for generations to come [23]. By harnessing the power of 4DP to create adaptive, sustainable, and inno-
vative structures, we can envision a future where our built environment is smarter, more efficient, and more resilient, ultimately 
improving the quality of life for people around the world [1,58]. 

6. Environmental impact and sustainability of 4D printing in civil engineering 

4D printing, a revolutionary concept that incorporates time as an additional dimension to 3D printed structures, enabling them to 
transform over time in response to external stimuli, has potential applications in many sectors, including civil engineering. However, 
just like any new technology, it is essential to assess its environmental impact and sustainability. This section aims to examine the 
environmental implications, recyclability, and sustainability of 4DP technology in the realm of civil engineering. The environmental 
impact of 4DP can be categorized under two main themes: the consumption of resources (including materials and energy) and the 
emission of pollutants (including waste generation). As with any production process, 4DP relies on a range of resources, most notably 
energy and printing materials. The energy consumption in the 4DP process can vary significantly depending on the specific printing 
technology employed and the complexity of the printed object [8]. In general, however, 4DP technologies tend to be energy intensive. 
Efforts to improve the energy efficiency of 4DP processes, therefore, constitute a crucial aspect of enhancing their environmental 
performance. 

The materials used in 4DP, on the other hand, have a significant environmental impact due to their extraction, processing, and 
disposal. Currently, most 4DP applications employ polymer-based materials, whose production and disposal can have considerable 
environmental impacts. Several studies have shown that replacing these traditional materials with more sustainable alternatives, such 
as bio-based polymers or recycled materials, can substantially mitigate the environmental footprint of 4DP. In terms of waste gen-
eration, 4DP can potentially contribute to reducing construction waste since it allows for precise manufacturing, reducing the need for 
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material overuse and offcuts. Moreover, the possibility of recycling or reusing the materials used in 4DP processes represents a sig-
nificant opportunity for improving their environmental performance. Recent advancements in material science have made it possible 
to develop 4D printed objects using recyclable or even biodegradable materials [7,62]. As for sustainability, it refers to a broader 
concept that encompasses not only environmental but also social and economic aspects. From a sustainability standpoint, 4DP holds 
great promise due to its potential to revolutionize the construction process, leading to safer, faster, and more cost-effective projects. In 
this context, 4DP can contribute to achieving several of the United Nations’ Sustainable Development Goals (SDGs), such as SDG 9 
(Industry, Innovation, and Infrastructure) and SDG 11 (Sustainable Cities and Communities) [63]. However, while the potential 
benefits are significant, it is important to note that the sustainability of 4DP technologies ultimately depends on how they are 
implemented. Care must be taken to ensure that the introduction and proliferation of these technologies do not lead to unintended 
social or economic consequences, such as job losses in traditional construction sectors or exacerbation of social inequalities. Hence, a 
comprehensive sustainability assessment of 4DP technologies, considering all these dimensions, is paramount for guiding their 
development and deployment in a truly sustainable manner. In conclusion, while 4DP offers exciting prospects for the civil engineering 
sector, it is not without its environmental and sustainability challenges. Addressing these challenges requires concerted efforts in 
technological innovation, policymaking, and sustainability assessment, with the goal of maximizing the benefits of 4DP technologies 
while minimizing their potential negative impacts. 

7. Challenges and future directions in civil engineering with 4D printing 

Incorporating 4DP technology into the field of civil engineering involves surmounting numerous challenges. Notably, the most 
formidable hurdle resides in scaling up the 4DP process for large civil structures. While laboratory results present a promising future 
for this technology, its real-world implementation for large-scale applications necessitates overcoming multiple obstacles in tech-
nology, materials science, and financial feasibility. The core technology behind 4DP, much like its 3D counterpart, has mainly been 
explored in the creation of small-scale objects or prototypes. This limited scope is largely due to the technological constraints of the 
printers themselves. The transition from fabricating small, detailed parts to the large-scale components required in civil engineering is 
not a straightforward process. The complexity of construction-scale 4DP involves not only significantly larger machines and pro-
duction facilities but also the logistics of assembling large-scale parts, the reliability of large print jobs, and the integration of such 
technologies into current construction processes [2,3]. 

Moreover, the existing materials for 4DP, although displaying remarkable characteristics in the lab, may not retain these attributes 
when used in larger quantities or structures. Ensuring the structural integrity and programmability of 4D printed structures at large 
scales is a challenge that requires rigorous testing and development. As the scale of a printed part increases, maintaining uniform heat 
distribution, consistent material properties, and precise control over shape change becomes increasingly difficult. Financial viability is 
another challenge that hinders the immediate adoption of large-scale 4DP in civil engineering. The cost associated with the pro-
curement and maintenance of large 4D printers, coupled with the high price of smart materials, can be substantial. Furthermore, the 
development of new materials suitable for large-scale printing, which ensures structural integrity and programmability, demands 
significant investment in research and development [64,65]. In conclusion, although the future of 4DP in civil engineering holds great 
potential, the immediate challenge lies in overcoming the hurdles associated with scaling up the technology for practical, large-scale 
applications. This will require concerted effort across multiple disciplines, including materials science, engineering, and economics. 
While 4DP offers numerous opportunities for innovation and advancement in civil engineering, there are several challenges that must 
be addressed to fully realize its potential. In this section, we will discuss some of the most pressing challenges and explore future 
directions for research and development in 4DP for civil engineering [2].  

• Material Development and Standardization: One of the major challenges in 4DP for civil engineering is the development and 
standardization of materials. The current range of smart materials with shape-shifting properties is limited, and their long-term 
performance under various environmental conditions and loading scenarios is not yet fully understood. Addressing this chal-
lenge will require extensive research into the development of new materials with improved mechanical properties, durability, and 
environmental resistance, as well as the establishment of material standards and guidelines for their use in civil engineering ap-
plications [3].  

• Scalability and Construction Processes: Another challenge is the scalability of 4DP technologies and the adaptation of construction 
processes to accommodate these new materials and techniques. While small-scale prototypes and demonstrations have shown 
promise, scaling up 4DP for large civil engineering projects remains a significant challenge. Future research and development 
efforts should focus on the development of large-scale 4DP equipment, as well as the adaptation of construction processes to 
incorporate 4D-printed components efficiently and safely [66].  

• Design Tools and Methods: The design of 4D-printed structures presents its own set of challenges, as traditional design tools and 
methods may not be suitable for fully exploiting the unique properties of smart materials. Future work should focus on the 
development of advanced design tools and methods that can account for the dynamic behavior of 4D-printed structures and 
optimize their performance. This may include the integration of machine learning and artificial intelligence techniques, as well as 
the development of new simulation models and optimization algorithms [13].  

• Regulatory Frameworks and Building Codes: As 4DP gains traction in civil engineering, there will be a need to develop appropriate 
regulatory frameworks and building codes that account for the unique properties and behaviors of 4D-printed structures. This will 
involve collaboration between researchers, industry professionals, and policymakers to establish guidelines and standards that 
ensure the safe and effective implementation of 4DP technologies in the built environment [2]. 
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• Economic Viability and Market Adoption: The economic viability of 4DP for civil engineering applications is another challenge 
that must be addressed. The initial costs of 4DP technologies and materials may be high, and the return on investment may be 
uncertain. To promote widespread market adoption, it will be crucial to demonstrate the long-term benefits and cost savings 
associated with 4DP, such as reduced maintenance costs, improved structural performance, and increased sustainability [3].  

• Education and Workforce Development: The successful integration of 4DP into civil engineering practice will require a workforce 
with the necessary skills and knowledge to design, construct, and maintain 4D-printed infrastructure. This will necessitate the 
development of educational programs and training initiatives to equip the next generation of civil engineers with the tools and 
expertise required to work with 4DP technologies and materials [67]. 

Addressing these challenges and advancing the field of 4DP in civil engineering will require multidisciplinary collaboration, in-
vestment in research and development, and a willingness to embrace new ideas and approaches. By overcoming these hurdles, we can 
unlock the full potential of 4DP to revolutionize the design, construction, and maintenance of our infrastructure, creating a more 
sustainable, efficient, and resilient built environment for the future. To fully realize the potential of 4DP in civil engineering and 
overcome the challenges previously discussed, several strategies should be pursued to foster collaboration and innovation within the 
industry. These strategies include interdisciplinary research, public-private partnerships, investments in research and development, 
and international collaboration. Despite the promising advancements and potential of 4DP technology in the construction industry, 
there are still several challenges and areas of uncertainty that need to be addressed. One such area is the standardization of 4DP 
processes and protocols. Currently, there are no widely accepted safety standards or protocols specific to 4DP in construction, largely 
due to the nascent stage of the technology. This lack of standardization presents a challenge for widespread adoption and could 
potentially lead to safety and consistency issues. The development of safety standards and protocols is essential for ensuring the 
reliability and safety of structures built using 4DP technology. These standards would need to address a variety of issues, including the 
types of materials that can be safely used, the necessary properties of the printed structures, the conditions under which the printing 
process should take place, and how to handle and dispose of the materials after use [68]. However, the development of such standards 
is not a straightforward task. It requires comprehensive understanding of the properties of 4D printed materials and structures, as well 
as thorough testing and validation processes. Moreover, due to the dynamic nature of 4D printed structures, traditional methods of 
testing and validation may not be suitable, necessitating the development of new methods specific to this technology. In addition, 
given the global nature of the construction industry, there is a need for international standardization. This raises further challenges, as 
different countries may have different regulatory requirements and safety standards. Achieving consensus on a global scale can be a 
complex and time-consuming process. Nevertheless, the development of safety standards and protocols for 4DP in construction is a 
critical step towards the broader adoption and commercialization of this promising technology. 

8. Major hurdles for the implementation of 4D printing in civil engineering 

4D printing, while promising, still confronts a host of formidable challenges that hinder its widespread adoption in civil engi-
neering. This section will elaborate on some of the most significant hurdles, namely material constraints, economic feasibility, reg-
ulatory considerations, and technical expertise, which are not easily addressable in the short term.  

• Material Constraints: One of the most pressing challenges relates to the materials used in 4DP. While the concept of 4DP—creating 
objects that can alter their shape or function post-printing in response to certain stimuli—has gained significant traction, the field is 
in its infancy when it comes to the development of suitable materials. The paucity of materials that can meet the rigorous re-
quirements of civil engineering applications while retaining their 4D capabilities poses a considerable hurdle. Additionally, the 
environmental implications of the materials, their strength, durability, and the speed at which they can respond to environmental 
stimuli are all pressing concerns [1,69].  

• Economic Feasibility: The economic feasibility of 4DP in civil engineering is another major challenge. While 3DP has demonstrated 
its potential to reduce construction costs, the economic benefits of 4DP are yet to be fully substantiated. Current 4DP processes are 
complex and costly due to the high price of smart materials and the need for sophisticated printing techniques. Therefore, more 
research and development are required to reduce the costs associated with 4DP to make it economically viable on a large scale in 
the civil engineering sector [70].  

• Regulatory Considerations: Regulatory issues also present significant challenges for the adoption of 4DP in civil engineering. Given 
that the technology is relatively new, there are no established regulations or standards specifically designed for 4D printed 
structures. Regulatory bodies must develop appropriate norms and standards to ensure the safety, quality, and environmental 
sustainability of 4D printed buildings. In the absence of such standards, the acceptance and deployment of 4DP in construction 
might be delayed [71,72].  

• Technical Expertise: Lastly, the lack of technical expertise and understanding of 4DP processes is a significant obstacle. The 
successful deployment of 4DP in civil engineering requires a skilled workforce capable of designing, operating, and maintaining 
4DP systems. However, the current scarcity of such skills in the construction industry can hinder the widespread adoption of 4DP 
[73,74]. 
In conclusion, while 4DP harbors immense potential to revolutionize civil engineering, it is not without its challenges. These 
hurdles—material constraints, economic feasibility, regulatory considerations, and technical expertise—are not insurmountable 
but will require dedicated research, investment, and policy-making efforts to overcome. Furthermore, the central concept of 4DP 
rests upon the utilization of ‘smart materials’. These materials, remarkable in their capacity to react to environmental stimuli such 
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as changes in temperature, light, moisture, or even magnetic fields, can transform, alter their properties, or self-assemble into 
complex structures. The potential application of such materials in civil engineering is enormous. From the development of adaptive 
buildings that can dynamically respond to environmental variations, to the conception of infrastructure capable of self-repair in the 
event of damage, the possibilities are intriguing [5,66]. 

However, the practical application of these smart materials in civil engineering opens several challenges. Firstly, these materials 
need to conform to the demanding performance standards required of traditional construction materials. They need to demonstrate 
resilience, durability, and strength, capable of withstanding the diverse environmental stressors and loads that civil engineering 
structures must bear). Additionally, the endurance of these smart materials throughout the 4DP process itself is crucial. They need to be 
flexible and malleable enough to be extruded or processed by a printer, yet also capable of quickly hardening or solidifying once 
printed, without compromising their transformative capabilities. This delicate equilibrium between softness required for printing and 
rigidity necessary after printing is a challenge, as it requires fine control over the material’s thermophysical and chemical properties 
[13,23]. 

9. The potential of 4D printing in civil engineering 

For a clearer and more concise understanding of the differentiating factors between 3D and 4DP technologies, we provide a 
comparison in Table 2. This comparison encompasses multiple factors, including the strength of the printed structures, the printability 
of the materials, and the feasibility of each technology in practical applications. It is important to bear in mind that these are general 
observations, and the specific characteristics may vary depending on the materials and processes employed. 

In this section, we explore the broader context of 4DP technology, including the driving forces behind its research, the role of 
sustainability in its advancement, and the importance of collaboration between academia and industry.  

1. Driving Forces Behind 4DP Research; Several factors have contributed to the growing interest in 4DP research:  
• Material Science Advancements: The creation of new materials with adaptive capabilities, such as shape memory polymers, 

hydrogels, and electroactive polymers, has expanded the possibilities for 4DP applications not only in civil engineering but also 
in other fields [1].  

• Industry 4.0 and Digital Transformation: The digital transformation across various industries has sparked interest in cutting- 
edge technologies like 4DP, which can provide intelligent, adaptive, and efficient solutions to complex challenges [77]. 

• Global Challenges: Issues such as climate change, urbanization, and resource scarcity have led to an increasing need for sus-
tainable, adaptive, and efficient infrastructure solutions, which 4DP has the potential to address [66].  

2. Sustainability and 4DP; Sustainability plays a crucial role in the development and adoption of 4DP technology. With the growing 
demand for sustainable infrastructure, 4DP can offer numerous advantages, including:  
• Decreased Material Usage: 4DP allows for the creation of adaptive structures that can modify their shape and properties based on 

environmental conditions, leading to more efficient material usage, and ultimately reducing waste and the environmental impact 
of construction projects [13].  

• Energy Efficiency: 4D-printed structures’ ability to respond to changes in temperature and light conditions can result in more 
energy-efficient buildings and infrastructure, lowering energy consumption and associated carbon emissions [2].  

• Improved Resilience: Developing disaster-resistant structures using 4DP can contribute to infrastructure resilience, helping 
mitigate the impacts of climate change and other environmental challenges [78]. 

3. Academia-Industry Collaboration; The successful implementation of 4DP in civil engineering will require close collaboration be-
tween academic institutions and industry partners. This collaboration can take several forms, such as:  
• Joint Research Projects: Collaboration between universities and industry partners on research projects can help advance the 

development of 4DP materials, design methodologies, and construction processes, ultimately driving the technology’s adoption 
in civil engineering [79].  

• Knowledge Transfer: Knowledge exchange between academia and industry is crucial to ensure that research findings are 
translated into practical applications and that industry needs are addressed in ongoing research efforts [80].  

• Training and Education: By working together, academic institutions and industry partners can develop training programs and 
educational initiatives to equip the next generation of civil engineers with the skills and knowledge required to work with 4DP 
technologies and materials [81]. 

Table 2 
Comparison between 3D and 4DP technologies [8,75,76].  

Factors 3DP 4DP 

Strength Depends on the material and printing process Can be enhanced through smart material properties and stimulus response 
Printability Suitable for a wide range of materials Limited to smart materials that can respond to stimuli 
Feasibility Mature technology with wide application Still in early stages, with fewer practical applications 
Cost Varies, generally affordable Currently more expensive due to specialized materials and processes 
Complexity of design Limited by the mechanical properties of materials Allows for complex and dynamic designs through stimuli-responsive materials 
Time-dependency Static structures post-production Structures can change post-production in response to stimuli 
Environmental Impact Depends on the material; some materials recyclable Potential for less waste due to adaptive and reconfigurable structures  
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In conclusion, the integration of 4DP technology in civil engineering has the potential to bring about significant advancements in 
the field. Addressing the challenges associated with this technology and fostering collaborations between various stakeholders will 
help unlock the full potential of 4DP. As we overcome these hurdles, we can expect to see innovative solutions in the design, con-
struction, and maintenance of our infrastructure that contribute to a more sustainable, efficient, and resilient built environment for the 
future. 

10. Commercialization and current progress of 4D printing in civil engineering 

4D printing is an exciting and dynamic field with enormous potential for a wide array of applications, especially in civil engineering 
[66]. The advent of 4DP technology heralds a new era in construction, where structures can adapt and react to changes in their 
environment autonomously, thereby enhancing the resilience, longevity, and utility of built environments. Despite being a relatively 
new technology, several pioneering companies and research institutions are already exploring the potential of commercializing 4DP 
technology for large-scale, civil engineering applications [13]. 

One such company is Stratasys, a leader in the field of additive manufacturing, which has been at the forefront of 4DP technology 
since its inception. Stratasys’ 4DP technology uses advanced homopolymers that can be programmed to change shape over time when 
subjected to water, heat, or light stimuli. Another noteworthy company is Autodesk, whose Project Cyborg platform has been pivotal in 
the development of digital modeling and simulation tools for 4D printed materials and structures. Despite these technological ad-
vancements, there are still several challenges that need to be addressed to further the commercialization of 4DP in civil engineering. 
Technology’s scalability is one of these key challenges. While 4DP has demonstrated great promise at small scales in laboratory 
settings, scaling up the process to accommodate the size and complexity of civil structures poses significant technical and logistical 
hurdles. Moreover, the existing 4DP technologies still face issues regarding print speed, material costs, and the reliability of the printed 
components over time, all of which are critical for commercial applications [2,5,23]. 

The development of appropriate standards and certifications for 4D-printed civil structures is another crucial aspect of the tech-
nology’s commercialization process. Given the novel and complex nature of 4D printed materials and structures, creating relevant 
standards and certifications would help ensure their safety, reliability, and performance. This would also assist in fostering public and 
industry trust in technology, thereby accelerating its adoption in the construction sector. Moreover, continued interdisciplinary 
research involving material scientists, civil engineers, architects, and other relevant stakeholders is vital to overcome the existing 
technological barriers and facilitate the commercialization process. Such collaborative research could focus on developing new smart 
materials suitable for 4DP, optimizing the 4DP processes for large-scale applications, and exploring novel uses of the technology in civil 
engineering. 

In summary, the journey from laboratory to market for 4DP in civil engineering is still ongoing and filled with challenges. However, 
the progress made by research institutions and companies such as Stratasys and Autodesk suggests that the commercial reality of 4D- 
printed civil structures is not too far off. Continued advancements in 4DP technology, coupled with the development of appropriate 
standards and increased interdisciplinary collaboration, are key to realizing the full potential of this innovative technology in the realm 
of civil engineering. 

11. Design freedom with 4D printing in civil engineering 

With rapid technological advancements in additive manufacturing, the era of 4DP is swiftly finding its footing in civil engineering. 
The fourth dimension, time, opens an array of transformative possibilities that supersede the capabilities of traditional 3DP. This 
aspect, coupled with the flexibility it offers in terms of design and customization, has established 4DP as an essential frontier of the civil 
engineering sector. 4D printing, by integrating smart materials and adaptability, offers unprecedented design freedom. This involves 
the capacity to create complex geometric structures, adaptability to environmental conditions, and the ability to self-assemble and 
transform over time. This section explores the design freedom that 4DP brings to the civil engineering field and its potential appli-
cations and benefits [1]. 

The geometrical complexity achievable through 4DP is beyond the scope of conventional construction methods. The process allows 
for intricate designs, including curved, hollow, and interlaced structures, which are difficult to attain with traditional techniques. This 
increased geometric freedom enables the creation of efficient structural designs that are not only aesthetically pleasing but also offer 
enhanced performance characteristics. For instance, it allows engineers to optimize the structure’s strength-to-weight ratio, potentially 
leading to significant material and cost savings. Furthermore, 4DP’s capability to create adaptive structures opens new horizons for 
designing buildings that can respond to changes in the environment. This adaptability can range from simple changes in form to more 
complex responses, such as altering physical properties or functionalities. For example, a 4D printed building facade could be designed 
to self-shade in response to sunlight, thereby improving the building’s energy efficiency. Similarly, in regions prone to earthquakes, 
buildings could be designed to adjust their structural rigidity in response to seismic activity, enhancing their resilience [3]. 

The concept of self-assembly is another groundbreaking feature introduced by 4DP. This involves designing objects that can change 
their shape or assemble themselves from flat components into three-dimensional structures over time under certain conditions. This 
aspect is especially beneficial in areas that are challenging for humans or machines to reach or work, such as underwater or space 
structures. It also reduces the need for manual labor, thereby enhancing safety and efficiency. In conclusion, 4DP, with its inherent 
design freedom, is poised to revolutionize civil engineering. It allows engineers to break free from traditional design constraints, 
offering unlimited possibilities for creating structures with enhanced performance, efficiency, and resilience. However, it’s worth 
mentioning that these advantages come with their challenges, such as the need for new design and simulation tools, comprehensive 
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understanding of material behaviors, and regulatory frameworks. Therefore, continuous research and development are essential to 
fully leverage the design freedom offered by 4DP in civil engineering [82,83]. 

12. Countries and universities that have made significant contributions to the field 

In the field of 4DP, several countries and universities have made significant contributions through research, development, and 
collaboration. Some of the most notable countries and institutions include:  

• United States: Leading American institutions have made substantial contributions to 4DP research, with key players including the 
Massachusetts Institute of Technology (MIT), Harvard University, University of Colorado, Boulder, Georgia Institute of Technology, 
and the University of California, Los Angeles (UCLA) [1,5,84,85].  

• United Kingdom: In the UK, prominent universities engaged in 4DP research include the University of Cambridge, University 
College London (UCL), the University of Bristol, and the University of Nottingham [2,86,87].  

• Netherlands: The Netherlands has made significant contributions to 4DP research through institutions such as Delft University of 
Technology (TU Delft), Eindhoven University of Technology (TU/e), and the University of Twente [13,58,88].  

• Germany: German institutions actively involved in 4DP research include the Karlsruhe Institute of Technology (KIT) and the 
Technical University of Munich (TUM) [40,76]. 

• Australia: In Australia, RMIT University, the University of Sydney, and the University of Wollongong have made notable contri-
butions to the field of 4DP [89,90].  

• Singapore: Singaporean universities, such as Nanyang Technological University (NTU) and the National University of Singapore 
(NUS), have been actively engaged in 4DP research [62,91].  

• China: Chinese institutions, including Tsinghua University, Zhejiang University, and Beijing Institute of Technology, have made 
significant strides in 4DP research and development [92,93]. 

These institutions have been involved in various aspects of 4DP research, including material development, design methodologies, 
and applications across different industries. The collaboration between these institutions and others around the world plays a crucial 
role in advancing the field of 4DP and unlocking its potential for a wide range of applications. 

13. Market landscape and trends in 4D printing 

As clear from Fig. 7, the global 4DP market is anticipated to witness substantial growth, propelled by factors such as progress in 
material science, the rising implementation of Industry 4.0 technologies, and the demand for more sustainable, efficient, and adaptive 
solutions in various sectors, including civil engineering, aerospace, automotive, and healthcare [94]. 

Although the 4DP market is still relatively small compared to the more established 3DP market, its potential for a wide range of 
applications has attracted interest from investors, researchers, and industry players. Market growth is expected to be driven by 
increased research and development and strategic collaborations between universities, research institutions, and industry leaders. Key 
players in the 4DP market include well-known companies such as Stratasys, 3D Systems, ExOne, Hewlett-Packard, Autodesk, and 
Organovo. These companies are involved in developing 4DP technologies, materials, and applications, focusing on driving innovation 
and expanding the market [94]. 

Market segmentation for 4DP typically encompasses categories such as material type (e.g., shape memory materials, electroactive 
polymers, hydrogels), end-use industry (e.g., civil engineering, aerospace, automotive, healthcare), and region (e.g., North America, 
Europe, Asia-Pacific). North America and Europe are expected to be dominant players in the market due to their advanced research 
infrastructure and strong emphasis on innovation. As the technology matures and gains wider adoption, the 4DP market is likely to 
experience significant growth, driven by increasing demand for smart, adaptive, and sustainable solutions across various industries. 
However, challenges such as material development, scalability, and regulatory issues must be addressed to fully realize the potential of 
4DP technology in the global market [94]. 

Fig. 7. Global 4DP market by region, 2017–2026 (USD Million) [94].  
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14. Prospects and potential impact of 4D printing 

As 4D printing technology continues to advance, it is poised to have a transformative impact on various industries and applications, 
ranging from civil engineering and aerospace to healthcare and consumer goods. The future of 4DP will likely be shaped by ongoing 
research and development, as well as the increasing adoption of Industry 4.0 technologies and the demand for more sustainable, 
efficient, and adaptive solutions [94].  

• Expansion of Applications: The potential applications of 4DP are expected to grow and diversify, leading to the development of 
innovative products and solutions. For instance, in civil engineering, 4D-printed structures may become more prevalent in the 
construction of energy-efficient buildings and disaster-resistant infrastructure. In healthcare, 4DP could be employed to create 
customized medical devices and implants that adapt to a patient’s needs [1].  

• Advancements in Material Science: Further advancements in material science will be crucial to unlocking the full potential of 4DP. 
The development of new materials with enhanced adaptive capabilities, such as improved shape memory polymers, hydrogels, and 
electroactive polymers, will pave the way for more sophisticated and versatile 4DP applications [3].  

• Addressing Challenges and Limitations: To fully capitalize on the potential of 4DP, several challenges and limitations need to be 
addressed. These include the scalability of 4DP processes, the development of efficient design and simulation tools, and the 
establishment of regulatory frameworks to ensure the safety and reliability of 4D-printed products [94]. 

In conclusion, the future of 4DP looks promising, with the potential to revolutionize a wide range of industries and applications. By 
addressing the associated challenges and capitalizing on the opportunities it presents, 4DP could play a significant role in shaping a 
more sustainable, efficient, and adaptive future. 

15. Conclusion 

As we stand on the brink of a technological revolution in civil engineering and construction technology, the integration of 4DP 
represents a significant step forward. Throughout this paper, we have explored the mechanism of 4DP, the materials used, and its 
current applications and future possibilities in civil engineering. The 4DP technology, characterized by its unique time-responsive 
transformation feature, presents numerous opportunities for the creation of adaptive and resilient structures. In this manuscript, 
the significant of findings and implications were:  

• The Role of Smart Materials: As we have outlined, smart materials play an instrumental role in 4DP. Materials such as shape 
memory alloys, hydrogels, and bio-based substrates offer the potential for environmental responsiveness, giving rise to structures 
capable of adapting to changing environmental conditions.  

• Design Freedom: The adoption of 4DP in civil engineering grants remarkable design freedom. With its ability to fabricate complex 
geometric structures that were previously challenging or impossible, it allows for a new era of architectural creativity and 
efficiency. 

• Resilience and Sustainability: With the capacity for transformation and adaptation, 4D-printed structures offer significant po-
tential for increased resilience, particularly in the face of environmental stressors like seismic activity. In addition, the potential use 
of renewable, bio-based materials in 4DP could lead to more sustainable construction practices, though this is a field that requires 
more exploration and innovation.  

• Technological Limitations and Future Development: Despite the remarkable potential of 4DP, it’s crucial to acknowledge its 
current limitations. Challenges exist in terms of material performance, printing technology, scalability, and cost. However, ongoing 
advancements suggest promising future developments in these areas, possibly opening more opportunities for large-scale appli-
cations of 4DP in civil engineering.  

• In summary, the integration of 4DP into civil engineering heralds an exciting new era for the field, filled with innovative solutions 
and potential. It brings forth unprecedented design freedom, the ability to create adaptable, resilient structures, and possibilities for 
greater sustainability. While challenges still exist, ongoing advancements in materials science and printing technologies continue to 
push the boundaries of what is achievable. The review has outlined how the adoption of 4DP technology could revolutionize civil 
engineering, but it’s clear that the journey is only just beginning. It is hoped that this overview will inspire further research and 
innovation in this exciting intersection of 4DP and civil engineering, leading to a future where the full potential of this ground-
breaking technology can be realized.  

• In the face of an ever-changing global landscape, the need for adaptable, resilient, and sustainable infrastructure has never been 
more important. As 4DP technology continues to evolve, it offers the promise of a future where our built environment can better 
respond to and shape the world around us. Thus, this review sets the stage for an exciting journey of discovery and innovation in the 
world of 4DP, shedding light on the potential applications, challenges, and future directions of this emergent technology in the field 
of civil engineering. Its potential to transform how we design, construct, and interact with our built environment is a prospect that 
holds immense promise and invites further exploration. 
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[79] J. Siivonen, S. Pöysäri, A.M. Hakamäki, M. Lanz, K. Salminen, M. Ijas, H. Nieminen, Reconfigurable pilot lines enabling industry digitalization: an approach for 
transforming industry and academia needs to requirements specifications, Procedia CIRP 107 (2022) 1226–1231, https://doi.org/10.1016/j. 
procir.2022.05.136. 
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