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ABSTRACT: Providing rapid, efficient, inexpensive, and resilient solutions is an eminent and urgent need for emergency relief
conditions, mainly and increasingly driven by the impacts of climate change. Under such disastrous circumstances, the current
practice involves preparation, dispatching and managing significant amounts of materials, resources, manpower, and transportation
of basic needs, which can be hindered remarkably by infrastructure damage and massive loss of lives. However, an emerging
technology known as 3D printing (3DP) can play a significant role and rapidly bring unlimited innovative solutions in such
conditions with much lesser resources to meet the necessities of large populations affected. Considering the recent progress of 3DP
technology and applications in different industrial and consumer sectors, this study aims to provide an analysis of the status and
current progress of 3DP technology in various fields to understand and present its potential for readiness and response to disasters,
emergency and relief need driven by climate change. Secondly, this study also presents a sustainability assessment of 3DP
technology for such cases to evaluate economic, environmental, and social impacts. Finally, policies and strategies are suggested
to adapt 3DP technology in different sectors to prepare for large-scale emergencies.
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1. Introduction

The provision of fast, inexpensive, durable, and resilient solutions is an urgent need for climate change challenges
and emergency conditions like severe weather (thunderstorms, hail, tornadoes), earthquakes, fire, chemical and biological
emergencies, hazardous material accidents, civil disorder, national emergency (war, terrorism), etc. [1]. For relief groups
and governments, providing shelter, accessibility (roads, bridges), heating/cooling, food, water, health services, transport,
and communication are essential requirements during and immediately after calamities and disasters. However, existing
solutions are slow, expensive, insufficient, or, most of the time, lead to further problems and technical barriers, causing
the lack of decent and humanitarian solutions [2,3]. In addition, due to uncertainty, weather, safety, security, and
logistical difficulties, the traditional solutions become expensive, time-consuming, and challenging.

3D printing (3DP) refers to a process under the broader terminology of additive manufacturing (AM), where three-
dimensional objects are manufactured via material addition contrary to conventional subtractive fabrication [4]. The
technology could provide a stronger and more resilient solution to several basic human needs in these conditions. The
technology could offer an economical solution to the different needs in such situations through its robust, on-demand,
on-site production abilities [5]. The significant and additional benefits and impact of 3DP can be used to act in
emergencies and disasters to bring resiliency and sustainability. The emergency, disaster, or pandemic situation results
in a surge in price and the unavailability of essential and critical needs by affecting the supply chain and production.
COVID-19 is a recent example where 3DP technology has proved its ability to address severe challenges in medical
emergencies. Similarly, 3DP technology has been developed to a level that can now be implemented in building fast
and affordable housing and other built environment needs like bridges and other critical infrastructure following a
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disaster. Keeping in view the increasing frequency of disasters and emergency conditions and the recent progress in

3DP technology and application, this study aims to:

e Review the status and recent progress of 3DP technology in different fields to understand its abilities in disaster
management and climate change emergency conditions.

e Perform the sustainability assessment by evaluating the trade-off between the gains and economic, environmental,
and social impact of the technology in emergency conditions.

e  Understand the technology’s critical factors, challenges, and limitations in adapting to such conditions.

e  Analyze the adaptation of 3DP technology in different sectors of life in emergency conditions on a large scale and
suggest its policy and adaptation strategy.

The first part of the paper analyzes the review of the applications of 3DP technology in different fields during
emergency and disaster conditions. The first section discusses the 3DP applications in the built environment sector,
including construction, furniture and household Items. The subsequent section presents the applications of 3DP in the
healthcare sector. The third section delivers the 3DP for transportation, logistics, and supply chains, followed by the
3DP for the physiological and social sectors. Finally, a sustainability assessment for 3DP processes is presented along
with the conclusions and suggested policies for the role of 3DP in emergencies.

2. 3DP for the Built Environment Sector

Critical infrastructure, such as shelters, bridges, health and education facilities, are directly or indirectly affected
in most emergencies and disasters. Food and built-environment facilities are the most vital requirements because they
set the stage for others to have a natural, long-lasting impact. Due to uncertainty, weather, safety, security, and logistical
difficulties, it is likely also the most expensive, time-consuming, and logistically challenging. Relief and Humanitarian
Organizations (RHO) are constantly on the cutting edge during the most challenging calamities and disasters. They are,
therefore, coordinated and given authority to achieve the shared objective of providing "assistance" quickly and cheaply
in challenging and unpredictable circumstances. Typically, RHOs start every catastrophe or tragedy by offering
temporary solutions like tents for shelter and other simple, low-cost ways out. However, the results of these solutions
are usually interim and cause several social, health, and economic problems in the long run.

2.1. 3DP for Construction

3D printing (3DP) technology has advanced to the point where it can now be used to create dwellings quickly and
affordably using standard or custom construction designs [6,7]. The 3DP has various benefits, including quicker
construction, lower costs, and safe working conditions. With its digital production, 3DP presents itself to tackle several
issues that the current concrete industry faces. This section explores the transformative capabilities of extrusion-based
3D concrete printing (3DCP) and its applications. Before delving into the intricacies of this digital production method,
it is imperative to provide a preliminary understanding of what lies ahead. Figure 1 shows a few illustrations of
extrusion-based 3DCP designs for the built environment.

Using this technology, architects may create buildings with unusual geometry that are useful and challenging to construct
manually today. Collaborative efforts between architects and engineers become crucial, especially in the aftermath of natural
calamities such as earthquakes or mass migrations following conflicts. While engineers, particularly those specializing in civil,
structural, and material science, play a central role in developing technical solutions, architects contribute by offering holistic
design alternatives. These alternatives address structural considerations and encompass broader social, cultural, and
environmental factors. The objective is to create solutions that are not only better, quicker, and less expensive from an
engineering standpoint but also culturally sensitive, socially inclusive, and environmentally sustainable. This interdisciplinary
approach ensures a comprehensive response to the challenges posed by post-crisis scenarios. A more environmentally friendly
building procedure can be produced using the 3DP approach to lessen environmental consequences. Due to a production method
that effectively manages construction waste and optimizes material consumption, less post-manufacturing waste is anticipated.
The authors argue that if 3DP is redesigned to function during times of emergency and disaster, extra advantages and impacts
can be obtained. In their recent studies, the authors presented a similar concept to scale up 3D-printed shelters to permanent
3D-printed villages or communities instead of temporary shelters, Figure 2. These can provide a long-lasting, proper, resilient
and sustainable solution to shelter needs in case of emergency conditions. The 3D-printed community can be used for other
purposes in normal conditions, such as festivals and the tourism industry.
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Figure 1. Few real-life practical applications of extrusion-based 3D concrete printing technology. (i) 3D-Printed Multi-Story

Apartment, Winsun [8], (ii) First 3D-Printed Office in Dubai [9], (iii) Europe’s First 3D-Printed Building [10], (iv) Double-Story
Administrative Building in Dubai [11] (v) 3D Housing 05, Milan [12] (vi) Woven Concrete Benches [13].
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Figure 2. Architectural solutions and renders of possible single setups of the housings designs for the proposed mobile 3DP system:
(a) circular, (b) hexagonal, (¢) mixed, (d) square, (e¢) Mobile 3DP Village Succession render [14].

Extrusion printing [15], powder Jetting [ 16] and 3D-printed formwork [17] are three popular 3DP technologies under
built-environment applications. Extrusion-based techniques, where considerable material is selectively deposited to
generate a layer of selectively cut geometry, are the most popular in the built environment. This process is comparable to
the fused deposition modelling (FDM) approach, in which concrete is printed using a robot, a crane, or a gantry 3D printer.
Examples of a few commercially available printers are provided in Table 1.

An extrusion-based 3D concrete printing (3DCP) system is placed on a gantry or a robotic arm that accurately
positions the printing material filament via a nozzle. The material with a generally high cement content creates freestanding
components, free assembly, walls or columns, or permanent shuttering with typically cast structural parts. External support,
detachable material, or corbeling may be installed for constructions with significant overhang angles. A gantry-based or
robotics-based printing system is employed in 3DP technology for construction. A printing head is attached to the robot,
and two peristaltic pumps are in a robotics-based system. The first pump supplies the concrete material, while the second
provides the accelerator. A microcontroller manages the two pumps and the printing head together. A hose from the mixer
is linked to the printer head in a gantry-based printer. A four-degree freedom mechanism controls the printer head attached
to the vertical arm. The printer head has a nozzle connected to it, which is often composed of steel. The binder jetting (BJ)
approach is recommended for intricately designed concrete constructions. A binder material is ejected onto a selected
powder bed during the BJ to create a two-dimensional (2D) layer. Due to its susceptibility to weather, this technology is
rarely used for on-site construction, unlike extrusion processes. Direct 3DP of intricate concrete structures is complex
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since architectural components have not yet met the requirements for most 3DP methods. 3D printed formwork is
employed in this situation. The manufacture of mesh moulds and 3D-printed formwork are the two basic methods in this
area. Both approaches start with formwork 3DP; then, the concrete is cast using extrusion-based technology.

Table 1. Extrusion-based commercially available Concrete 3D Printer.

Manufacturer Model Process Type of System Materials Capacity (m) Origin
BETABRAM P1V2 Extrusion Gantry Based Concrete 16 x8.2x3 Slovenia [18]
COBOD BOD2 Extrusion Gantry Based Concrete 1.9x21x1.5%* Denmark [10]
Constructions-3D Maxi Printer Extrusion Robotic Arm Concrete 13 x 13 x10 France [19]
CYBE RC 3DP Extrusion Robotic Arm Concrete - Netherlands [20]
ICON Vulcan II Gantry Based Concrete 8.5x85x2.6 America [21]
3D Printer 664 1.8 x1.8%x1.2
3D Printer 10108 3x3x%x24
3D Printer 18189 5.5x55x%x27
MUDBOTS 3D Printer 25259 Extrusion Gantry Based Concrete 7.6 x7.6x2.7 America [22]
3D Printer 252512 7.6x7.6%x3.6
3D Printer 50509 -
3D Printer 501009 15 x30x2.7
Stroy Bot 6.2 10x20x6
TOTAL Stroy Bot 7.1 . Concrete, Polymer, 10 x 20 x 4 )
KUSTOM Lab}}f]rinth D Extrusion Gantry Based Ceramiczm 5% 5 %3 America [23]
Architect’s Printer 1x0.5%x0.5
WASP Crane WASP  Extrusion Delta Earth-based, Conerete, ¢ 5, 5 Ttaly [24]
Geopolymer

* Custom Configurations offered.

The emergence of 3D concrete printing for emergency infrastructure needs epitomizes a burgeoning field of
technological innovation [25]. The pioneering Striatus bridge in Venice and the world’s first 3D-printed reinforced, pre-
stressed concrete bridge in the Netherlands epitomize the immense potential of 3D concrete printing. Striatus is a
remarkable example, showcasing the creation of robust bridges solely relying on compression forces, optimizing material
usage for maximal strength. These achievements, involving collaborative efforts from various entities, including Block
Research Group, incremental3D, and Holcim, underscore the interdisciplinary nature driving advancements in this
technology. Similarly, the Dutch bridge’s inauguration emphasizes the inherent adaptability and versatility of 3D concrete
printing, heralding a new era in structural engineering and construction methodologies [25,26]. Further illuminates this
landscape, addressing key lacunae in the field [27]. Noteworthy studies published in the Springer journal "Architecture,
Structures and Construction” and the RILEM Bookseries delve into specific instances, including a 3D-concrete-printed,
mortar-free, unreinforced masonry arched footbridge and a topology-optimized 3D-printed concrete bridge [28]. These
scholarly endeavours strive to fill critical gaps, such as the deficiency in design tools tailored for large-scale 3D concrete
printing, thereby emphasizing the transformative potential of this technology within the construction industry [27,28].
Furthermore, parallel research inquiries encompassing structural reinforcement systems and the broader application of 3D
printing technology in construction significantly enhance the understanding and application of 3D concrete printing
methodologies for bridge construction in emergency scenarios [29]. These collectively delineate the advancement trajectory
in 3D concrete printing for bridges, underpinning it’s evolving significance in emergency infrastructure deployment.

The adoption of 3DP technology depends heavily on its economic viability because the building sector is cost-
sensitive [30,31]. Numerous studies have suggested that 3DP technology in concrete construction will be economically
viable and highly productive [32—34]. Numerous websites and weblogs (such as www.3ders.org) have reported lower
construction costs. For instance, WinSub reported a $4800 cost for a 200 m? or so 3D-printed house, significantly lower
than the same home built conventionally [35]. Research on the economic viability of 3DP technology for concrete
buildings is ongoing [36]. Although the capacity to cut costs is a vital component of automation in any business, it is
unknown whether 3DP technology is economically viable in disasters and emergencies. Although several studies have
looked at how 3DP technology might be improved for the construction industry, the topic is still in its infancy regarding
material development, project size, and total project cost [37]. Existing literature has significantly contributed to the
understanding and advancement of 3D printing technology in construction and structural engineering. Notably, studies
such as [38] offer a comprehensive overview of design parameters, mix properties, robotic technologies, and
reinforcement strategies, providing valuable insights into improving 3D printed structural elements. Moreover, [39]
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critically evaluates various 3D printing techniques in construction, shedding light on their benefits, challenges, and
associated risks, enriching the discourse on this technology’s applicability. Additionally, research like [40] delves
specifically into the structural compositions of cement-based materials used in 3D printing, contributing essential
knowledge to the material science aspect of this field. Another area largely unknown in nearly every phase, including
design, process technology, and material, is the environmental effect and life cycle evaluation of 3DP technology for
construction [41-45]. Several previous reviews have discussed the overall technological consideration, potential, and
material development of 3DP systems for the building [46-50]. However, to lessen future difficulties, evaluating the
technology’s sustainability is crucial—energy use, environmental impact, and prospective prospects.

2.2. Furniture and Household Items

Unveiling a new era in furniture production, 3D printing (3DP) technology stands poised as a transformative force,
particularly in disaster management operations. Transforming people to safe places is often required in an emergency,
and temporary shelter camps are produced for this purpose. The need for daily household items rises as transportation
and markets are greatly affected. 3DP technology can be a localized solution, as household items and basic furniture
supplies can be fabricated using this technology (Figure 3). Waste materials can be an excellent source of abundant
materials on disaster sites for fabricating and producing 3D-printed furniture. However, there are some constraints and
problems in making furniture using these techniques, such as surface finishing, mechanical properties of materials,
assembly of furniture components, and production capabilities. Studies are underway on producing furniture and other
household items using 3DP techniques. One of the examples of fabricating furniture from waste materials is waste
plastic bottles. Recycled plastic bottles are a great source of producing 3D-printed furniture.

Figure 3. (a) Laser Printed Trabecula Bench [51]; (b) 3D Printed Stools [52]; (¢) 3D Printed Sofa Chair [53] (d) 3D Printed Seat
[54] (e) 3D Printed Sofa [55] (f) Puzzle Chair [56].

Recycled PET can significantly contribute to the production of 3D-printed furniture, which will also help to control
environmental pollution, and manufacturing costs will be substantially reduced. The procedure starts with collecting
used bottles at recycling facility centres or by placing recycle boxes in public places to collect plastic waste [57]. Then,
the plastic waste materials are broken down into small pellets using crushers. These pellets can be evolved directly into
the extruder nozzle of the 3D printer or can be used to produce filaments for the 3D printer. 3D printers, in this context,
facilitate form production in a virtual environment. Software programs like 3DS Max, Maya, SolidWorks, and other
CAD software can be used to draft the form of furniture virtually before physically moulding the furniture. Startups like
[58] have given people access to workshops to bring waste plastics and print their recyclable objects. Plastic materials
such as utensils, buckets, and other items can be fabricated using waste materials and 3DP.
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3. 3DP for Healthcare

The flourishing 3DP technology has overcome many biomedical device manufacturing challenges. A range of
biocompatible and biodegradable materials, including polymers and metals, can be manufactured by 3DP [59,60]. Rapid
prototyping with customized fabrication and low waste makes 3DP one of the most favourable techniques for the healthcare
system in critical emergencies. 3DP provides quick prototyping, customized manufacture, and little waste when all three
factors of time, on-demand production, and materials cost are high priorities in emergency and pandemic conditions.

3DP has shown a growing interest in the biomedical field due to its complex design-making capabilities, which are
otherwise highly challenging with traditional manufacturing [61,62]. This ease of use gives immense freedom in
manufacturing complex medical devices. 3DP technology has contributed to the medical field by producing medical
equipment customized at a lower cost to fulfil the demand-supply limitations [63]. There are multiple examples in the past,
but the current COVID-19 is a recent experience that has affected the global supply chain system. Covid-19 has immensely
affected civil aviation globally, where about 7.5 million flights have been cancelled worldwide to curb the spread of COVID-
19 [64]. This cancellation of flights has also affected the delivery of medicine, crucial medical equipment, and personal
protective equipment (PPE) for the protection of frontline medical workers and patients. This shortage must be tackled by
introducing 3DP technology to reduce import dependency and overcome the demand and supply gap. The most popular
products produced via 3DP during the pandemic are face masks (as shown in Figure 3), face shields, goggles, nasal swab
kits, and venture valves. 3D printing provides customized product design in real-time and on-site product production. 3D
printing involves image scanning and making a computer-aided design (CAD) model. This CAD model is then converted
into an STL file, which is then provided to the slicing software. The software converts the images into slices, and the 3D
printing is carried out layer by layer [65—-67]. The 3D printing processing is depicted in Figure 4.

Due to cargo flight restrictions and lack of delivery, 3DP has been used for manufacturing medical devices and
PPE [68]. The frontline medical workers, patients, and the public used protective equipment to safeguard themselves
from the infectious droplets in the air and during patient interactions. Prusa (an FDM manufacturer in the Czech
Republic) donated about 200,000 3D-printed face shields to medical professionals and practitioners [69]. Similarly,
Etihad Airways, in collaboration with its medical wing, manufactured 3D-printed face shields using recycled plastic
and distributed them to hospitals in UAE [70]. Furthermore, 3D-printed frames as replacements for defective and broken
bands for N95 and KN95 ensured a longer life for these masks. Other than masks, protective eyewear was manufactured
using 3DP technologies. A 3D-printed frame (Figure 5) for protective goggles was designed by Boltian, a Spanish
designer, where the lenses can be inserted easily [71].
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Figure 4. Pathways for customized facemasks using the 3DP technique adopted from [72,73].
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Figure 5. Components of 3D printed goggle frame for protective eyewear [71].
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Besides protective wear, 3DP is a promising technology for making other medical accessories. Mechanical
ventilators were one of the essential secondary components needed worldwide. During the COVID-19 pandemic, most
automobile companies started manufacturing ventilators using 3DP technology. During the pandemic, 3D-printed ventilator
valves were in high demand to support patients with difficulty breathing. Isinnova, an Italian engineering startup, designed a
ventilator valve known as a venturi valve (as shown in Figure 6), which proved to be a life saviour in Italy [74]. Isinnova
also designed a 3D-printed connector valve for easy breathing purposes. The ventilator splitter is another example of the
3DP manufactured product, which hugely benefited the circumstance by providing oxygen from a single ventilator to
multiple patients. One of the mandatory protocols by WHO for COVID-19 patients is to isolate them [75]. With the higher
number of patients, it was becoming extremely difficult for healthcare units and hospitals to isolate the patients lacking
facilities. In this situation, producing transitory dwellings was a massive achievement in quarantining the patients. The
3D-printed mobile ward production was quicker and played its part in an emergency [76,77].

The life span of the COVID-19 virus varies from 3 h in airborne droplets to 72 h on stainless steel and plastic
surfaces. To prevent direct contact with these surfaces and avoid cross-contamination, Materialize (Belgium) introduced
a 3D-printed door opener and button-pusher (as shown in Figure 7) [78]. The Covid-19 test kit was yet another high-
demand tool to confirm the infection during the pandemic. The sample for testing is usually collected using a nasal
swab. Initially, there was a shortage of swabs, which was resolved quickly with the help of 3D-manufactured swabs.
The 3D-printed swabs were more efficient in terms of flexibility and durability and were more user-friendly to medical
professionals [79].

3DP is an innovative technology that has revolutionized various biomedical manufacturing needs. 3DP has
revolutionized biomedical engineering as a promising new technology by manufacturing complex structures customizable
at low cost with easy fabrication and rapid manufacturing processes. These printers can be stored at home, in industry, and
in educational institutions and used by students and researchers. 3DP using bioactive materials can be of enormous
importance for handling future pandemics. Not only for emergencies, but 3DP has a considerable contribution to medical
implants, and various organs can be 3D-printed based on patient anatomic data. Considering the disaster and pandemic
conditions where the unavailability of labour, resources, logistics, and price surges are significant challenges, 3DP has
become an economical solution for producing many biomedical supplies, equipment, and devices.

Figure 6. An Italian engineering startup created a 3D-printed venturi valve to help patients with difficulty breathing. (Image taken
from: https://www.bbc.com/news/technology-51911070).
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Figure 7. 3D-printed door opener (A) and button-pusher (B) to avoid touching surfaces [78].

4. 3DP for Transportation, Logistics, and Supply Chains

3DP processes can provide a rapid response in the case of emergencies such as disasters, floods, earthquakes, or
any other mass destruction activity. These processes can be essential in undisturbed transportation, communication,
logistics, and supply chains, especially in emergencies. 3DP has recently evolved as an alternative manufacturing route
for different industrial sectors [80—82]. The progress and development of these processes over the past few decades have
been so rapid that few experts claim that these technologies will probably lead to the third industrial revolution [83—85].
The above claim is supported by substantial adaptation of 3DP technologies in the automotive and aerospace industry
[86—88], household products [89], biomedical engineering [90-92], and rapid prototyping applications [93]. We present
the current literature focusing on the impact of 3DP processes on logistics, supply chains, and transportation.

4.1. 3DP for Logistics and Supply Chains

The working principle of the 3DP processes strongly impacts the different parts of society, including transportation,
communication, and logistics. The streamlined logistics networks and simplified scheduling facilitated by 3DP can play
a pivotal role in efficiently responding to and managing crises, such as the challenges posed by global emergencies.
Due to the unique qualities of 3DP processes, the fabrication of highly customized parts with lesser post-processing
steps has positively impacted supply chain designs and implementation [94]. 3DP methods promise to switch to
decentralized manufacturing and supply chains rather than the current centralized systems [95-97]. Decentralized
manufacturing can contribute to transporting goods, supply chains, and business models of the associated companies
[98—100]. The impact of 3DP has been investigated regarding future possibilities and qualitative impacts on society and
future business models [101-103]. The focus is mainly paid to using material and energy in terms of the sustainability
of these processes [104]; however, its role in goods transportation is merely discussed. This section delves into the
profound implications of 3DP on logistics, shedding light on its promise to transition from centralized to decentralized
manufacturing and supply chains.

Regarding logistics, the adaptation of 3DP technologies is mainly studied for companies, leaving a substantial impact
on manufacturing capacity and goods transportation [105-107]. The scope of 3DP processes will ultimately reach
international adaptation and affect the current global industries’ layout [102]. Consequently, current manufacturing
activities in Asia will flow back to European countries and the US, taking out the leverage of cheaper labour in Asia as
lesser human resources are required to work with these processes [107]. In addition, local 3D printers will eliminate the
cost of import duties on 3D printers and technical constraints in these regions. With the advancements in 3DP materials,
the cost of 3DP materials will ultimately reduce over time, resulting in further public acceptance of these processes. In
addition, due to the working principle of 3DP processes, the material utilization for manufacturing will decrease
significantly, reducing the global trade volumes and shrinking the logistics network [108]. In the era of the 3DP industry,
complex JIT distribution or complex material management is not required anymore, and worldwide logistics scheduling
will be way more straightforward. The current logistics service providers should adopt this transition to compete with their
competitors. A case study on a prominent logistics company (UPS) was performed, and it was analyzed that this service
provider is transitioning towards 3DP circumstances [109].

Given the existing literature, there is a need to obtain more insightful impacts of 3DP processes on goods
transportation, logistics, and supply chains. In addition, the potential positioning of 3DP facilities to take over the
existing manufacturing process should be explored [110]. The reported literature in this field also lacks a systematic
model on the impact of 3DP processes on goods transportation, logistics, and supply chains. Future studies should focus
on and cover different domains where adaptation of 3DP can affect, such as transportation security, positioning of 3DP
facilities, ease of access, ecological impacts, infrastructure demands, public prosperity, revenue, employment,
consumption relationships, and satisfaction [111,112]. It is also advised that the countries involved in the materials
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processing should transform the logistics amenities, and cooperation with relevant countries should be developed to
cope with the challenges of 3DP [113]. Logistics companies must reform their inventory structure to respond rapidly to
customer requirements [109]. In addition, the warehouses should also acquire a variety of 3DP materials to provide
immediate order manufacturing and avoid delays or shortages. These advancements in adapting 3DP in logistics and
supply chains can positively contribute to global emergencies (like COVID-19).

4.2. 3DP for Transportation and Communication

Unmanned aerial vehicles (UAVs) have been employed in various applications like remote sensing, wildlife research,
agriculture, photography, oil spill detection, surveillance, offshore inspections, and delivery systems [114—119]. In this
regard, drones can monitor disaster-affected zones where the human presence to carry out escort or development missions
is impossible [120,121]. The applications of drones in such activities require acquiring a large amount of data, and longer
flight times are desired. Therefore, there is an eminent need to produce lightweight structures to achieve significant weight
reduction using structural optimization [122]. Several researchers have made efforts in this regard; for instance, Ferro et
al. [123] proposed a design methodology to produce lightweight drones for speed competitions using the 3DP process, as
these processes can provide a high degree of personalization. The 3DP fabrication of lightweight drone frames is also
possible using continuous fiber reinforcements to polymeric materials [124], as shown in Figure 8. In addition, the
flexibility provided by 3DP processes offers new routes for innovative design of such structures, such as bioinspired
structures. Henderson et al. [125] demonstrated the lotus blossom-inspired 3D printed ground launchable and air
deployable (GLAD) drone capable of changing streamlined projectile shape into a multirotor, as shown in Figure 8.

The drones can provide emergency response services for surveillance in disaster-affected zones, delivery of basic
amenities (food, clothing, etc.), construction of rapid liveable space, and much more. In 2014, in collaboration with
Google, drone industry experts tested thirty flights in Queensland, Australia [126]. The test flights were carried out to
deliver first-aid kits, dog food, candy bars, and communication radios. Google is also working on its drone strategy to
include medical products for such situations. Such test trials are being carried out globally, especially after COVID-19,
when the world has faced a prolonged disturbance in communication and transportation. However, 3DP processes can
play a critical role in such cases, as the continuation of such activities is possible with such UA Vs in disastrous situations.
Based on the existing literature, there is an evident need to explore innovative design strategies and materials to carry
out mass emergency operations with the help of drones. Currently, available solutions can carry a minimal amount of
supplies; however, the applications of UAVs in emergencies to carry abundant supplies should also be considered and
explored.

Figure 8. 3D Printed Drone Frame Fabricated Using Continuous Fiber-Reinforced Composites [124] and Configuration of 3D
Printed GLAD Drone [125].

5. 3DP for Physiological and Social Sector

In addressing physiological and social needs during emergencies, 3D printing (3DP) stands out as a transformative
force, offering innovative solutions. Water security, a critical disaster concern, finds answers through 3DP applications,
producing infrastructure, membranes, and filtration systems. Simultaneously, 3DP is vital in maintaining air quality and
creating environment-friendly systems, air filters, and sensory lamps. Expanding to clothing and footwear, 3DP
integrates with garment simulation, showcasing potential in disaster management apparel. In food security and
agriculture, 3DP streamlines operations, reduces stockpiles, and ensures local production, enhancing food security.
These applications highlight 3DP’s pivotal role in meeting physiological and social needs and providing necessities
during uncertain and challenging situations. This section highlights using 3DP technology for physiological and social



Intelligent and Sustainable Manufacturing 2024, 1, 10004 10 of 18

needs during these emergencies. By effectively using this technology, we can help provide necessities to the people in
need in these uncertain situations.

5.1. 3DP for Water and Water Infrastructure

Disasters often result in a shortage of supplies and aid. Surveys have depicted that the demand for clean water will
rise by 400% in the next 30 years [127]. As 3DP technology has been increasingly used in water applications, its use in
disasters and emergencies can efficiently solve the water security problem. In addition, the role of 3DP can be used
efficiently to produce 3D-printed innovative structures that make the thermal desalination process more energy efficient.

In addition to various other benefits offered by 3DP, water purification and desalination companies are shifting
toward this technology. They are trying hard to incorporate 3D printers into their manufacturing process. Some
companies, like Nano Sun in Singapore, produce membranes for water treatment and filtration using 3DP technology
[128]. Thermal desalination plants require massive fossil fuel resources for heating purposes, and energy availability in
emergencies is challenging. Solar thermal desalination and distillation plants operate on the principle of solar
absorbance. They can better use off-grid water production in disasters and emergencies [129]. Researchers have created
3D-printed devices from carbon-based nanomaterials to improve solar absorbance and energy efficiency for thermal
desalination. Research has also been carried out to produce enhanced composites. For instance, [130] developed pastes
involving carbon nanotubes (CNTs) and graphene oxide (GO) to fabricate 3D-printed materials for the enhancement of
solar desalination plants. 3DP technology can also be used for sanitation services, various water collection systems, and
numerous treatment infrastructures. 3D-printed filtration systems are also evolving, and water is purified through these
systems. Similarly, 3D-printed water tanks are also being produced, which has aided our water collection systems.

5.2. 3DP for Air Quality

3DP technologies can also be used for environmental stability. It can control air quality and several other factors
in disaster management. Air quality levels are of great importance in emergency conditions such as wars, biological
wars, disasters, and pandemic situations. To save people from these conditions, they are placed in closed places, and
maintaining the air quality levels in such areas is essential. In the cases of pandemics, closed public spaces must be
declared germs-free, and this can be possible by employing 3DP technologies. Studies are underway to produce
environment-friendly systems to control air quality levels. Salamone et al. fabricated nano environment-friendly
systems to maintain indoor air quality [131]. The system utilized Arduino boards and some sensors that produced low-
cost 3D printed systems. Wang et al. developed another 3D fabricated system for monitoring the level of particulate
matter in the air [132].

In addition, 3DP can be used to fabricate filters to remove environmental pollutants. Xu et al. contributed by
developing an air filter to remove the quantity of nitrogen monoxide from the air [133]. Results proved that it removed
52.6% of NO from the air using this filter. Such 3D fabricated nano-systems can be placed in closed public places to
monitor indoor air quality. Companies like [58] manufactured 3D components for a sensory lamp that monitors air
quality. The lamp consisted of various LEDs, signalling that the air quality had risen above the threshold levels.

5.3. 3DP for Clothing and Footwear

Applications of 3DP processes are widely spreading in almost every field of life. The number of materials
fabricated using 3D printers is increasing, and their availability is becoming more accessible. The evolution of computer
graphics and 3D technologies has altered textile design. Designs made on computer systems can be easily converted
into garments using 3D printers. As we have seen, the applications of 3DP technology in disaster management can also
be used for clothing and footwear in such scenarios. This section will highlight how this technology is evolving for
disaster management operations in this sector.

The process of ‘garment simulation’ has evolved in recent years. We can interlink this process with 3DP technology.
Initially, a 3D model of a human body is designed on a computer system known as the virtual model of the human body.
Then, using the 3D printer, this model is fabricated, and garment fit evaluation is done. Different studies exist on
utilizing 3DP technology in this industry [134]. To increase the quality of fabrics, 3D-printed items are fabricated using
advanced materials, enhancing their mechanical properties. Richter et al. created new designs, accessories, and
extensions with 3DP technology [135]. They also found it often leads to poor adhesion when 3D-printed objects are
combined with fabrics. Grimmelsmann et al. studied the mechanical properties, such as the bending stiffness of the
textile, using the 3DP technology [136].
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Companies like Pringle of Scotland have used 3DP technology in their industry and produced ready-to-wear clothes
and shoes [54]. Researchers at Loughborough University want to make complete 3D-printed dresses and footwear using
this technology to revolutionize the clothing industry through 3DP techniques. They can offer 3D-printed clothes and
shoes commercial status to all the brands, retailers, and manufacturers worldwide to implement this technology as part
of their production process [54]. So, all these benefits can be linked to producing enhanced 3D-printed textiles and
footwear.

5.4. 3DP for Food Security and Agriculture

Emergency and disaster conditions also affect the supply chain of different agricultural products, for which 3D
printing could provide a viable solution. Supply chains will be streamlined when 3D printing is included in the primary
and secondary agriculture industries. Products will be printed as needed, which will shorten lead times for consumers,
reduce the amount of stock kept in warehouses and retail storage, and reduce the amount of physical mould inventory
producers must keep on hand [137]. The use of 3D printing in agriculture, food processing, and environmental
monitoring and protection is discussed in the paper [138]. The most common thermoplastics used in agriculture are
PLA and ABS. Food is directly extruded, enabling those with trouble swallowing to eat more.

Chains, gears, shock absorbers, seeder components, and harvester attachments are just a few of the agricultural
items that may be replicated with 3D printing. With new printing materials, printing parts and components from sturdy
plastics to metal and alloy combinations is now possible. 3D printing can increase agricultural operations’ efficiency
since customized components can be created and supplied locally, reducing downtime. There will be numerous uses for
3D printing in agriculture with time and innovative thinking [137]. There will be numerous uses for 3D printing in
agriculture with time and innovative thinking.

Food is a necessity of life after a disaster has struck any region. Having reliable access to enough nutritious food
is disturbed during these emergency conditions. Natural disasters significantly impact food security, impairing
agricultural production, availability, and accessibility to good food. 3DP technology has also proved its worth in the
food industry. We can print edibles using 3D printers, as this technology can be used to tackle dietary issues. 3D printers
are portable and can be carried to far-flung areas that have been affected due to disasters.

Studies are underway on creating micronutrient tablets mixed with carbohydrates such as grains, cereals, and rice
[139]. Studies exist on 3DP food, such as chocolate, and dairy products, such as cheese and sugar through 3DP. Edibles
can be printed through different 3DP techniques, such as extrusion, binder jetting, and inkjet printing. The extrusion-
based process includes loading raw materials into the extruder and creating 3D-printed food layer-by-layer. Cheese and
dough are the type of food fabricated using 3DP technology. The possible use of this technology in the baking industry
was demonstrated in another study [140]. Yang et al. developed 3D-printed food constructs using the lemon juice gel
system [141].

Inkjet printing is used for filling surfaces or decorating foodstuff. It uses a stream of droplets to decorate bakery
items such as cakes and cookies. The inkjet printer typically works with low-viscosity materials; hence, it cannot create
complex 3D food structures. Cheese, meat paste, chocolate desserts, and doughs can also be made using inkjet. The
binder jetting technique uses binders to bond layers of powders. This technique is extremely fast in production speed
and automatically includes support structures during layer synthesis. However, the binder must have low viscosity to
prevent nozzles from spreading [142].

6. Sustainability Assessment for 3DP

With the escalating frequency of both natural and human-induced disasters and their profound impact on human
life, there is a growing anticipation of new initiatives to address the challenges posed by such emergencies. 3D printing
(3DP) emerges as a resilient and versatile solution applicable across various sectors, including sheltering, built-
environment, health and medicines, logistics and communication, and social services during crises.

6.1. Regional Manufacturing Technologies and Flexible Production

Implementing 3DP solutions relies on regional manufacturing technologies, allowing crucial components to be
produced precisely where and when needed [143]. This approach overcomes logistical, transport, and delivery time
challenges and minimizes the demand for a large workforce. The simplicity and affordability of the 3DP system stand
out, providing economic outputs while avoiding the cost inflation triggered by disruptions in the supply chain during
emergencies.
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6.2. Environmental and Carbon Footprint Advantages

In addition to the inherent environmental benefits of 3DP systems, such as minimal waste generation, they
contribute to lower carbon footprints due to localized manufacturing and reduced transportation requirements. The
ability to produce different components from the same material enhances efficiency, and the compatibility with
renewable energy generation systems further reinforces the environmental sustainability of 3DP technology.

6.3. Social Empowerment and Collaborative Development

Beyond its technical advantages, 3DP technology is pivotal in empowering local labour and communities. By
involving affected individuals in the collaborative development of solutions that cater to their specific needs, 3DP builds
social and physical capacities, providing urgently needed assistance swiftly and cost-effectively and fostering resilience
within communities.

6.4. Rapid Deployment and Instruction

One of the strengths of 3DP technology lies in its ease of use. Individuals can design and fabricate essential
components with minimal instruction as soon as needed. This rapid deployment capability is crucial in emergencies
where time is of the essence.

6.5. Challenges and Considerations

While 3DP technology holds promise for resilient infrastructure development during emergencies, certain
challenges must be addressed. Ensuring the public is well-versed in 3DP technology before emergencies occur is
essential. Education and training initiatives should be implemented to equip individuals with the necessary skills and
knowledge. Efficient storage of required materials and energy resources for critical conditions is crucial. Strategies for
maintaining a readily available supply during emergencies must be developed.

0.6. Evaluating Sustainability and Economic Viability

To comprehensively assess the sustainability and economic viability of 3DP in emergency scenarios, established
assessment methods like Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA) should be applied.
These methodologies offer insights into the environmental impact, cost-effectiveness, and feasibility of 3DP processes
and material costs during emergency response and recovery. While 3DP technology presents an ideal solution for
resilient infrastructure development in critical situations, ongoing research and rigorous assessment methods are
essential to optimize its application and address potential challenges.

7. Conclusions and Suggested Adaptation Policy

This study comprehensively reviews how 3D printing (3DP) has transformed consumption and production in
disaster management operations. The overview encompasses developments in water infrastructure, clothing, food
security, air quality, furniture, household items, the built environment, and logistics supply chains using 3DP. Despite
the transformative potential, several obstacles exist. Ongoing investment is crucial to address technological challenges,
and increased market potential could make this more feasible.

Governments and societies could adopt the technology as a responsive adaptation policy to prepare for severe
weather (thunderstorms, hail, tornadoes), earthquakes, fire, chemical, biological emergencies, hazardous material
accidents, civil disorder, and national emergencies (war, terrorism).

Continuous and strategic investments are imperative to overcome potential challenges in integrating 3D printing
(3DP). With a growing market potential, the feasibility of conquering technological hurdles becomes more promising.
Governments and societies are strongly encouraged to embrace 3DP as an integral component of adaptive response
policies, fortifying their preparedness for various emergencies, ranging from severe weather events to national crises.
The recommended adaptation policy entails a systematic and comprehensive approach:

Risk Analysis and Needs Assessment: One fundamental step involves meticulously evaluating risks and needs
across various sectors during emergencies. This process aims to pinpoint specific roles where 3DP technology can make
a substantial contribution, tailoring its application to the unique demands of each sector.
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Policy Design: An essential aspect of the adaptation policy is the development of tailored policies that strategically
leverage 3DP technology. These policies should be intricately designed based on a meticulous analysis of expected
disaster conditions and the corresponding needs of the affected population.

Technology Access and Literacy: To ensure widespread adoption, there is a critical need to promote technology
access and literacy. Making 3DP technology readily available in common places fosters learning opportunities and
encourages its incorporation into various aspects of daily life.

Establishment of Emergency 3DP Centers: A key infrastructure component involves establishing authorized
3DP centres equipped with diverse printers. These centres should be strategically designed to meet the capacity
requirements of various sectors, including healthcare and the built environment.

Critical Component Preparedness: As a proactive measure, critical components must be pre-designed and
readily available for distribution to the public and designated print centres during urgent situations. This ensures a swift
and efficient response to emerging needs.

Energy and Material Planning: Proper planning for energy and material availability in critical conditions is
paramount. This includes designing and implementing renewable energy systems for sustained operation, coupled with
maintaining ample material stock to meet unpredictable demands.

Self-Sustaining Solutions: For long-term viability, the suggested policy advocates using 3DP centres for localized
production, supporting various sectors without burdening society during normal conditions. This approach fosters self-
sufficiency and resilience.

Educational and Recreational Use: Maximizing the utility of 3DP centres involves leveraging them for
educational and recreational purposes. These centres become valuable assets for schools, colleges, and the broader
community, contributing to enhanced learning and engagement.

Crowdfunding for Sustainability: Implementing crowdfunding mechanisms is proposed to ensure sustainable
financing. This strategy allows the public to contribute to the hosting and maintaining of 3DP centres, making
technology accessible and supporting regular operations.

By systematically integrating these elements into an adaptive response policy, governments and societies can
harness the full potential of 3DP technology, creating a resilient framework for emergency preparedness and response.

The manuscript suggests exploring a comprehensive cost analysis across sectors during disasters for future research
in this field. This includes delving into sector-specific challenges and tailored solutions integrating quantitative data to
fortify discussions. Further studies should showcase empirical cases highlighting successful 3DP implementations in
underdeveloped regions. Additionally, evaluating policy implementation strategies, assessing the social impact of 3DP
adoption, and examining public awareness programs and educational initiatives in disaster-stricken areas are crucial for
further investigation.
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