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ABSTRACT

The architectural and construction sectors are experiencing a transformative shift with the advent of 3D constructing. This
research delves into the potential of 3D printing technologies when combined with generative design principles to reshape tradi-
tional construction methods. Through a comprehensive lens, the study evaluates the generative design workflow, decision-mak-
ing algorithms, machines capacities and material considerations. Results indicate that, when synergized with generative design,
these technologies offer sustainable, efficient, and tailored solutions. The use of accesible materials, such as clay and cement,
demonstrates their superiority over conventional alternatives. Howeuver, the challenge lies in harmoniously integrating these
innovations into architectural practice, ensuring a balance between cutting-edge advancements and practical application. Con-
clusively, this new approach heralds a future of sustainable and user-centric design, but its full potential can only be tapped with
a holistic strategy that encompasses both design and material facets.

Keywords: 3D constructing, 3D claying; 3DCP, 3D printing; additive manufacturing; carbon print; generative design;
topologicainability.

RESUMEN

Los sectores de la arquitectura y la construccién estan experimentando un cambio transformador con la llegada de la cons-
truccién en 3D. Esta investigacién profundiza en el potencial de las tecnologias de impresion 3D combinado con los principios
de disefio generativo para remodelar los métodos constructivos tradicionales. El estudio evalila el flujo de trabajo del disefio
generativo, los algoritmos de toma de decisiones, las capacidades de las maquinas y las consideraciones de materiales. Los resul-
tados indican que estas tecnologias combinadas ofrecen soluciones sostenibles, eficientes y personalizadas. El uso de materiales
accesibles, como la arcilla y el cemento, demuestra su superioridad sobre las alternativas convencionales. El desafio radica en
integrar armoniosamente estas innovaciones, asegurando un equilibrio entre la vanguardia y la practica. Este nuevo enfoque
anuncia un futuro de disefio sostenible y para el usuario, pero su potencial solo puede aprovecharse con una estrategia holistica
que abarque el disefo y los materiales.

Palabras clave: 3D constructing, 3D claying; 3DCP, 3D printing; fabricacién aditiva; huella de carbono; disefio generativo;
optimizacion topolégica; fabricacion digital; sostenibilidad.
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1. INTRODUCTION
1.1. Background and motivation

Based on previous research works in the domain of 3D print-
ing with clay and concrete in architecture, as “3D Claying: 3D
Printing and Recycling Clay” (1), “Printability of materials
for extrusion 3D printing technologies: a review of material
requirements and testing” (2), “Industry 4.0 in a project con-
text: Introducing 3D printing in construction projects” (3),
“Concrete hybrid manufacturing: A machine architecture”
(4), and “Life cycle assessment of integrated additive—sub-
tractive concrete 3D printing” (5), it can be established a
foundational understanding of the benefits and challenges
of ultra-high performance clay and concrete 3D printing in
terms of sustainability and efficiency in construction.

In this study, building upon our previous investigations and
the insights from Rahmat (6) on sustainable concrete and
Robayo-Salazar (77) on hybrid cements, we aim to further the
boundaries of clay and concrete 3D printing. It also can be
considered interesting about the integration of generative
design techniques, as discussed by Gradisar (8), topological
optimization, highlighted by Szab6 (9), and other parametric
design techniques. Our overarching goal is to harness these
methodologies to enhance customization, structural effi-
ciency, and aesthetics in sustainable architecture.

Our focus will be on the development and integration of gen-
erative design algorithms specifically tailored for mud and
cement 3D printing, inspired by the work of Kromer and
Grubhier (10). These algorithms will facilitate the automated
generation of intricate shapes and structures, optimized to
fulfill the structural and functional prerequisites of architec-
tural projects.

3D printing with clay and concrete, known as 3D Claying and
3DCP respectively, represent emerging techniques in the field
of additive manufacturing. These techniques facilitate the
creation of three-dimensional structures and objects using
clay, concrete, or other ceramic materials. Such advance-
ments have garnered significant attention in the architectural
industry due to the efficient generation of intricate and cus-
tomized shapes.

The initial segment of this section focuses on 3D printing
with clay and concrete, based on layering techniques distinct
from methods like plastic extrusion, requiring careful con-
sideration of material properties such as viscosity and mois-
ture. Specialized extruders and robotic systems are employed
for precision and large-scale printing. Additionally, genera-
tive design is discussed for its role in optimizing designs for
material and structural efficiency in 3D printing with these
materials.

2. DEFINITIONS

We can consider several definitions that are important for
this work.

3D Claying focuses on the utilization of clay or ceramic
materials. This method capitalizes on clay’s natural proper-
ties, which have been revered in construction for centuries.
With 3D Claying, structures benefit from enhanced insu-

lation, ecological sustainability, and a distinctive aesthetic
appeal. The process involves the meticulous preparation of
clay, ensuring optimal consistency for the printers. These
advanced machines then methodically deposit layers of the
clay mixture, materializing the digital design. Once print-ed,
the structures undergo a drying process, and can, if required,
be kiln-fired for added resilience, but without this process, its
reuse is almost infinite and can be considered that its carbon
footprints is null.

3D Concrete Printing (3DCP), on the other hand, employs
concrete as its primary material. Concrete’s inherent strength
and versatility make it an ideal candidate for this printing
method. 3DCP transcends the mere act of replacing tradi-
tional concrete pouring. It rejuvenates the material’s poten-
tial, allowing for the creation of structures without the need
for molds or formworks. This precision-driven technique
not only curtails material waste but also expands the design
horizon, enabling architects to envision and craft previously
inconceivable structures.

Generative design represents a paradigm shift in the approach
to architectural and engineering design processes. Far from
the conventional methods where designers and architects
manually draft each iteration, generative design leverages the
computational power of modern software to produce design
variations based on predefined criteria and constraints.

At its core, generative design is an algorithm-driven pro-
cess. Designers input specific criteria, such as material types,
structural requirements, environmental factors, and aes-
thetic preferences. The software then takes these inputs and,
through iterative algorithms, generates a myriad of design
possibilities that satisfy the given conditions. The result is
a vast design space where each solution is optimized for the
defined parameters, allowing stakeholders to choose an out-
come that best aligns with their vision and objectives.

Just as GD uses algorithms to generate multiple design solu-
tions, the concept map encourages learners to actively inte-
grate new information with existing knowledge. Organized
hierarchically, the map features nodes for key concepts, links
for relationships, and cross-links for interconnections. This
dynamic tool not only promotes critical thinking and adapt-
ability but also mirrors the iterative nature of GD, emphasiz-
ing the importance of active engagement in both design and
learning processes.

Parametric modeling stands at the intersection of design,
mathematics, and technology, offering a dynamic approach
to architectural and engineering design. This method, rather
than defining design elements explicitly and statically,
assigns relationships and algorithms to components, allow-
ing them to adapt and evolve based on changes to predefined
parameters.

The core principle of parametric modeling is the establish-
ment of relationships between design elements. For instance,
the height of a structure might be defined as a function of
its width or the angle of a window’s tilt might be related to
its exposure to sunlight. By manipulating these parame-
ters, designers can witness an instantaneous and automatic
adjustment of the entire model, ensuring that the overarch-
ing design logic remains consistent.
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In relation to the previous definitions, and as a novel contri-
bution,”3D Constructing” can be defined as a transformative
approach within the construction industry, blending the pre-
cision and versatility of additive manufacturing, or 3D print-
ing, with traditional construction methods. This innovative
technique is redefining architectural and structural design,
bringing forth an era where digital designs seamlessly tran-
sition into tangible structures.

At the heart of 3D Constructing lies the potential to realize
intricate designs, previously deemed unattainable due to the
limitations of conventional construction. This methodology
facilitates rapid prototyping and building, with a stark reduc-
tion in material wastage and an increase in design accuracy.
The adaptability of 3D printing techniques to construction
ensures a broader design scope, allowing architects and engi-
neers to push the boundaries of creativity.

3. LITERATURE REVIEW
3.1. Additive manufacturing in architecture

Additive manufacturing, commonly known as 3D printing,
has revolutionized the way structures are designed, devel-
oped, and built in architecture. This technology enables the
creation of complex components and structures by adding
material layer by layer, offering unprecedented flexibility in
design and manufacturing.

Architecture has traditionally been a discipline that relies on
building from prefabricated components or standard materi-
als. However, with the advent of 3D printing, architects now
have the ability to design and build structures that were pre-
viously unthinkable or extremely difficult to realize with tra-
ditional methods. Banén and Raspall (11) highlight how 3D
printing has enabled the creation of architectural structures
that are not only aesthetically appealing, but also functional
and efficient.

With 3D printing, structures can be specifically designed to
adapt to the environment in which they are located, taking into
account factors such as climate, topography and the specific
needs of the client, highlighting the importance of customiza-
tion and adaptability offered by this technology (12).

In addition, 3D printing in construction is not limited to tra-
ditional materials such as concrete or steel. Algenaee, Memari
and Hojati have researched the transition from traditional
construction to 3D printing clay houses, demonstrating the
versatility of the technology (13). Chen has also researched
how calcined clay-based materials can be used for sustaina-
ble concrete 3D printing (14).

The integration of 3D printing with Industry 4.0 methodol-
ogy has led to significant advances in construction. Darwish,
El-Wakad and Farag discuss how Industry 4.0, with its focus
on automation and interconnection, can be used to create a
real-time programming architecture for distributed 3D print-
ing services (15). This integration allows for greater efficiency,
reducing construction time and cost.

However, the adoption of 3D printing in architecture is not
without its challenges. Training and education are essen-
tial to ensure that architects and builders are familiar with

new technologies and techniques. In addition, continuous
research and development is crucial to overcome current
limitations and expand the possibilities of 3D printing in
construction. For all these reasons, we can say that 3D print-
ing is redefining architecture and construction, offering
new opportunities and challenges. The emerging concept of
industry 5.0 (16) means that humans and machines will be
working together. 3D printing supports that with the promise
of more efficient, sustainable and customized structures.

3.2. 3D Construction techniques

The evolution of construction has witnessed significant
advances in recent decades. One of the most promising areas
is the development of criteria for sustainable manufacturing.
Tahmasebinia and its collaborators have investigated how
criteria can be established for sustainable manufacturing in
Construction 4.01. (17) This research suggests that combin-
ing modern techniques with sustainable principles can revo-
lutionize the way structures are built.

Automation in construction has also been the subject of
numerous studies, especially in the last decade. Vairagade
(18) and his team have reviewed how the construction of
structures can be automated, indicating that accuracy and
efficiency can be significantly improved with the adoption of
these techniques. In addition, workplace safety is a primary
concern in construction. Disparate examples stand out, such
as Gomes Soares Junior and collaborators exploring how
Industry 4.0 enabling technologies can be applied to improve
workplace safety in construction (19), Yao’s exploration (20)
of the use of modern technology for building digital vehicle
models, or Mahachi’s work on innovative construction tech-
nologies to accelerate home delivery (21).

The transition to more advanced construction techniques has
not only economic benefits, but also ecological ones. Shatov
and his team have researched the ecological and economic
benefits of transitioning to modern techniques on the path of
Industry 4.0 (22). Finally, it’s not limited to traditional mate-
rials. Verian and collaborators have researched the properties
of new materials and the development of advanced delivery
systems, suggesting that new materials and techniques can
be developed to further improve efficiency and sustainability
in construction (23).

4. METHODOLOGY
4.1. Introduction to the methodological approach

The methodological approach delineated in this section is
designed to ensure that every phase of the design and con-
struction process is meticulously addressed, from the nascent
stages of conceptualization to the final documentation and
presentation.

The methodology is structured to be both systematic and iter-
ative, allowing for continuous refinement and optimization
at each stage. This ensures that the designs not only meet
aesthetic and functional requirements but are also optimized
for the unique challenges and opportunities presented by 3D
printing with concrete and clay.
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For this research, we have chosen to employ Fusion 360 by
Autodesk as the software that best meets our needs, with a
multitude of academic references that validate their technical
capabilities (24-26).

4.2. Workflow

The generative design workflow (27), especially in the context
of 3D concrete and clay printing, represents a transformative
approach in the architectural and construction domains. By
harnessing computational algorithms and artificial intel-
ligence, this workflow facilitates the exploration of a vast
design space, producing innovative solutions tailored to the
unique challenges and opportunities presented by 3D print-
ing technologies. These solutions, grounded in predefined
criteria and constraints, pave the way for architectural inno-
vations that are not only aesthetically pleasing but also struc-
turally stable and capable of being produced by the process
defined in this flow.

Central to this workflow, shown in Figure 1, are three pivotal
stages: Definition, Generation, and Integration. The Defini-
tion phase lays the groundwork, establishing the foundational
parameters and objectives. This then seamlessly transitions
into the Generation phase, where the computational power is
harnessed to produce a myriad of design variations. Finally,
the Integration phase ensures that these generated designs
are harmonized with real-world applications, ensuring their
viability and relevance. Together, these stages form a cohe-
sive, iterative process that pushes the boundaries of what’s
possible in architectural de-sign and construction (28).

Figure 1. Generative Design workflow

Definition: The initial description is crucial to establishing
the basis of the design. Here, architectural elements are iden-
tified and geometry issues such as shape, size, orientation,
and spatial relationship between components are detailed.
This stage is essential to ensure that the resulting design is

coherent and functional. The relationship between the parts
is especially important, as it determines how the different
elements of the design interact and how they integrate into a
cohesive whole (29).

The generative approach goes beyond simple form creation;
it is a methodology that integrates functionality, aesthetics,
and efficiency. For example, in a study on architectural design
using generative algorithms and video projection mapping,
we explored how algorithms can be used to produce fagade
design proposals, demonstrating the versatility and potential
of these tools (30).

In addition, consideration of environmental factors and
adaptation to local conditions are essential to ensure the sus-
tainability and efficiency of the design (31).

Predesign: In this phase, the geometric foundations on which
the final design will be built are established. These bases
are divided into three main categories: Preserve Geometry,
Obstacle Geometry and Starting Shape.

Preserve Geometry refers to the areas or elements of the
design that must be kept in-tact during the generation pro-
cess. These are essential aspects of the design that should
not be altered. On the other hand, Obstacle Geometry indi-
cates the areas or elements that should be avoided or that
represent constraints in the design (see Figure 2 of column
example). These obstacles can be structural, aesthetic, or
functional. Finally, the Starting Shape is the initial shape or
geometry from which the generative design process begins.
This shape can be a simple basic geometry, or a more com-
plex shape based on specific project requirements.

Figure 2. Column example: predesign conditions

Conditions: Structural restrictions refer to the constraints
imposed on the connection or support points of a structure.
These conditions determine how the load is transferred
between parts of the structure and how the internal forces
are distributed. There are three main types of structural con-
ditions: Fixed, Pin and Frictionless. On the other hand, load
types describe the different ways in which external forces act
on a structure, determining how stresses and strains are dis-
tributed in the structure. The main types of cargo are Force,
Pressure, Moment and Bearing Load.
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Generation: is one of the most critical and complex com-
ponents of generative design. At this stage the creation and
exploration of multiple solutions based on the previously
established definitions and conditions takes place. Through
a computationally intensive process, shown in Figure 3, dif-
ferent design proposals are analyzed, evolved, iterated and
classified to identify the most optimal solutions.

Analysis: Here, each solution generated is evaluated based
on its performance, stability, and compliance with defined
conditions and constraints. Factors such as load distribution,
structural efficiency, and design aesthetics are considered.
This analysis is essential to ensure that the solutions gener-
ated are not only viable but also functional and efficient.

Figure 3. Stairs example: generative design solutions

Evolution: Based on the results of the analysis, solutions are
modified and adapted to improve their performance. This
process may involve altering parameters, adapting geome-
tries, or incorporating new elements. Evolution is a dynamic
process that seeks to continuously optimize the solutions gen-
erated. This part, along with the next, evolves and becomes
more complex with each step as the divisions of the original
form for study increase.

Iterations: Iterations are an essential part of the build phase.
Since generative design is an exploratory process, multiple
cycles of analysis and evolution will likely be required to arrive
at optimal solutions. Each iteration refines and improves the
proposals, bringing them closer and closer to the desired
goal. Along with the previous step, it is a key part of being
in which the multiple solutions to be evaluated are automat-
ically generated. Each tool specified a maximum number of
repetitions or a maximum level of detail or break-down to be
reached to limit infinite repetition.

Ranking: Finally, the ranking ranks the solutions generated
based on their performance and efficiency. The most promis-
ing solutions stand out, allowing designers and architects to
focus on the proposals that deliver the best results.

Integration: The integration phase is the bridge between the
generation of solutions and their final implementation in the
design. Once multiple solutions have been generated and
classified, it is essential to integrate them into the context of
the overall project, ensuring that they align with the overall
vision and objectives of the design. This phase is crucial to
ensure that the generated solutions are not only optimal from
a technical perspective, but also harmoniously integrated
into the overall design.

Validation: Here, the selected solutions undergo a series
of tests and evaluations to confirm their feasibility in the
real context of the project. This can involve stress testing,
aesthetic evaluations, or even simulations to predict how
the solution will behave in different scenarios. Validation
ensures that the generated solutions meet all requirements
and expectations, and that they are ready to be implemented
in the final design.

Disqualification: Although a solution may seem optimal on
paper, there may be unforeseen factors or practical con-
straints that make it unfeasible in practice. Disqualification
is the process of identifying and eliminating these solutions,
ensuring that only the most robust and viable proposals
advance to final implementation. The disqualification of
solutions in generative design can arise for a variety of rea-
sons, and it is essential to understand that not all of them are
strictly related to functionality or technical feasibility. Eco-
nomic factors, such as the cost of production or implementa-
tion, can make a solution, while innovative, not viable from
a financial perspective. Technical aspects, such as weight,
dimensions or compatibility with other design elements, can
also be decisive.

End: The final phase marks the culmination of the genera-
tive design process and represents the point at which the
selected and validated solutions are ready to be implemented
in the final design. It is the moment when all the previous
stages converge, and the solutions generated, analyzed,
evolved, iterated, integrated, and validated are consolidated
into a cohesive and optimized proposal. This phase not only
involves the selection of the final solution(s), but also the
preparation of all the documentation and details necessary
for its implementation. This can include detailed drawings,
technical specifications, bills of materials, and any other rel-
evant information that facilitates the transition from genera-
tive design to actual construction or production.

4.3. Steps

This section refers to the specific actions that must be fol-
lowed within the computer tool used for generative design, in
this case, Fusion 360 or any other similar tool. These steps are
essential to ensure that the generative design process is done
in a systematic and structured manner, taking full advantage
of the tool’s capabilities and ensuring optimal results.

Preliminary Design and Conceptualization: After defining the
conditions and pre-design in the workflow phase, the prelim-
inary design and conceptualization act as the starting point
for the generative design process. Here, the initial ideas are
outlined and the basis for design development is laid. The
structural conditions and load types identified above are con-
sidered to outline a conceptual design that meets the initial
requirements.
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Figure 4. Prototyping by material: ABS, concrete, iron, steel and titanium in
stair example

Parametric Design Development: Following the conceptu-
alization, the parametric design is developed based on the
initial model. Using parametric design tools, flexible mod-
els are created that can be adapted and evolved according to
the needs of the project. This phase is closely related to the
“Workflow” generation stage, where multiple design varia-
tions are explored.

Tools optimization and Material Considerations: With para-
metric design in place, it’s essential to optimize tooling and
consider the right materials for the project. Manufacturing
characteristics and material characteristics, as shown in the
Figures, play a crucial role in this phase. These considera-
tions ensure that the design is not only aesthetically pleasing,
but also functional and workable from a construction per-
spective. In figure 4, several materials solutions are shown.

It is at this stage that generative design differs significantly
from topological optimization. While topological optimiza-
tion focuses primarily on structural efficiency, eliminating
unnecessary material to achieve an optimized shape, genera-
tive design goes further by considering aspects such as man-
ufacturability, material selection, and other factors that can
influence the feasibility and success of the final design (32).

Simulation and Analysis: Related to the analysis phase in the
workflow, simulation and analysis are carried out to evalu-
ate the performance of the design under different conditions.
Advanced tools are used to simulate how the design will
behave in the real world, ensuring that it meets all require-
ments and standards.

Prototyping and Iteration: Once the design has been ana-
lyzed, prototyping and iteration proceed. This phase aligns
with the iteration stage of the workflow, where adjustments
and modifications are made to the design based on the results
of simulations and analyses.

Final Design Optimization: Before concluding the process, it
is essential to optimize the final design. This phase is related
to the integration stage of the workflow, where solutions are
validated and disqualified. Here, final adjustments are made
to ensure that the design is optimal in terms of functionality,
aesthetics, and feasibility.

Documentation and Presentation: Finally, after the optimi-
zation of the design, we proceed to the documentation and
presentation of the project. This phase is the finishing touch
of the process, where all the details, drawings and specifi-
cations are prepared for the actual implementation of the
de-sign. It relates directly to the “End” phase of the workflow,
ensuring that the design is ready to be taken to the real world.

Figure 5. Analysis: Min Factor Safety vs Mass. ABS plastic, 3D Concrete, Iron, Stainless-Steel and Titanium comparison
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5. 3D CONSTRUCTING APPLICATION

For this study, several construction elements of classic con-
struction typology have been designed and analyzed, such as
columns, slabs, bridges or walls, establishing relevant conclu-
sions with these results.

Comparisons have also been made between various materials
used for 3D printing, like concrete, clay, metal or plastic (see
Figure 4), and different combinations of uses, loads and envi-
ronmental conditions, according to regulations (see Figure 5).

The definitions of loads and relationships between the parts
have been determined based on the traditional methodology
of structural calculation, derived from the characteristics of
the materials, manufacturing processes and use.

It is worth mentioning works such as those of Digital
Grothesque I and II of Michael Hansmeyer and Eggshell
pavilion by ETH Zurich and Gramazio Kohler as examples of
direct application of designs based on generative processes
through the use of large-scale 3D printing in architecture.

5.1. Evaluation of customization in 3D constructing

Customization in 3D construction is a concept that has
gained relevance in the last decade, especially with the evo-
lution of additive manufacturing technologies and the grow-
ing demand for unique architectural solutions. The ability
to create custom structures that are tailored to the specific
needs of users and the surrounding environment is one of the
main advantages of 3D construction (33). From a mathemat-
ical perspective, customization in 3D construction is based
on advanced algorithms that allow the optimization of struc-
tures based on specific criteria (34). These algorithms, which
are derived from complex mathematical theories, allow for
the creation of architectural forms that would be difficult, if
not impossible, to achieve using traditional methods (35).
Classical architecture was based on proportions and estab-
lished rules that guaranteed the stability and aesthetics of
structures (36). However, 3D construction makes it possible
to break with these traditional norms and explore new forms
and structures that better adapt to the environment and the
needs of users (37).

From an engineering and construction perspective, cus-
tomization in 3D construction offers significant advan-
tages in terms of efficiency and sustainability (38). Custom
structures can be designed to make the most of available
resources, reducing material and energy waste (39). Energy
saving is a crucial consideration in modern architecture,
especially in the context of climate change and the growing
demand for sustainable solutions (40). Custom 3D con-
struction enables the creation of buildings that are not only
aesthetically pleasing, but also energy-efficient (41). In addi-
tion, customization in 3D construction also has significant
societal implications (42).

6. DISCUSSION

6.1. Development of Generative design algorithms
for 3D constructing

The confluence of generative design and 3D construction rep-
resents a significant advance in the evolution of architecture
and construction. This intersection evokes Oxman’s contem-
porary reflections on the transition to a digital age in design,
where computational tools and algorithms play a central role
in the conceptualization and realization of structures (43). In
this regard, the work of Dr Richard Buswell and Dr Peter Kin-
nell at Loughborough University. It is very relevant because
it is one of the first initiatives that abandon the use of hori-
zontal laminar fabrication in 3D printing, as was also did in
the works of 3Dcons to the fabrication on vertical walls 3D
printing with plaster.

Similar to Oxman’s approach, generative design seeks opti-
mal solutions within a set of parameters and constraints,
harnessing the power of computation to explore a vast
design space. On the other hand, 3D construction’s ability to
quickly materialize intricate designs reflects modern discus-
sions about the integration of technology into architecture,
as highlighted in Terzidis’ works (44). Together, these tech-
nologies not only offer revolutionary aesthetic and functional
possibilities, but also introduce unique challenges and con-
siderations into the design and construction process. As we
move into this digital age, it is essential that we draw on the
research and reflections of contemporary leaders in the field
to guide our practice and exploration.

The decision-making process in complex design scenarios,
such as generative design, is intricate and often non-linear.
An optimal decision at one stage may not align with the over-
all goal or subsequent phases. Advanced computational algo-
rithms play a critical role by offering a holistic approach to
decision-making, evaluating various outcomes and pathways,
considering the entire process rather than isolated steps. This
method ensures that decisions contribute to the best over-
all result, akin to urban planning or project management,
where decisions support broader objectives. Additionally,
with advancements in artificial intelligence, decision-mak-
ing is increasingly sophisticated, with AI systems utilizing
extensive data and complex algorithms to make comprehen-
sive decisions that incorporate numerous variables beyond
immediate visibility (45). As Biondi emphasized, the ethical
design of Al-based systems for decision-making is crucial,
ensuring that these systems are transparent, accountable,
and devoid of biases (46).

6.2. Advantages and limitations of 3D constructing
with generative design

The advantages of 3D constructing with generative design
are manifold. This approach to architectural and construc-
tion design leverages computational algorithms to explore
a vast design space, producing solutions that might not be
immediately intuitive to human designers. The generative
design process begins with the definition of design goals and
constraints, which are then used to generate a multitude of
design variations (see Figure 6). These variations are evalu-
ated based on the set criteria, and the most suitable designs
are further refined and optimized.
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Figure 6. Column example: generative designs comparison

Generative design in architecture has long been studied, yet
the traditional methods often required explicit rules and were
heavily experienced-based (47). With the advent of modern
computational tools and algorithms, the design solutions
generated are not just based on empirical knowledge but can
capture the implicit features and styles of a given context or
dataset. For instance, using 3D building models from specific
urban areas, neural networks can capture the implicit archi-
tectural features and styles, creating design solutions that are
coherent with the existing urban fabric.

Despite these challenges, the integration of generative design
in 3D construction offers a promising avenue for the future
of architecture and construction. As computational tools
become more advanced and the construction industry more
adaptable, the synergy between generative design and 3D
construction is poised to redefine the architectural land-
scapes of our cities.

Renowned mathematician Dr. Elena Petrova’s work on “Opti-
mization Techniques in Generative Architectural Design”
(48) and her research highlights how advanced mathematical
methods can be harnessed to achieve more efficient and inno-
vative design outcomes.

6.3. Evolutionary impacts of 3D printing on traditio-
nal construction paradigms

The advent of 3D printing in the construction sector has
ushered in a transformative era, challenging and reshaping
traditional construction paradigms. Historically, construc-
tion methodologies have been linear and incremental, with
designs often constrained by manual labor techniques, mate-
rial limitations, and established architectural norms. How-
ever, 3D printing, with its ability to fabricate complex geom-
etries and utilize diverse materials, has disrupted this status
quo. One of the most profound impacts of 3D printing is its
democratization of design and construction, with 3D printers
becoming more accessible and affordable, a broader spec-
trum of designers, architects, and even laypersons can now
engage in the construction process (49). This shift hasled to a
more inclusive design landscape, where innovative ideas can
emerge from unexpected quarters.

3D printing has propelled construction towards sustaina-
bility by minimizing material waste through precise deposi-
tion (50), and innovations like drone-assisted printing fur-
ther this efficiency. The technology also cuts labor costs and
accelerates project timelines, enhancing economic feasibil-
ity. Nevertheless, integrating 3D printing demands a redef-
inition of architectural education and practice, challenging
long-standing construction paradigms. Ultimately, while 3D
printing fosters more inclusive, sustainable, and innovative
practices, it requires a deep reassessment of traditional archi-
tectural norms.
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6.4. Rewards of using specific materials for 3d prin-
ting in construction

Choosing the right material is crucial to the success of any
construction project, and this is even more true in the context
of 3D printing in construction. The adaptability of 3D print-
ing allows for the utilization of a variety of materials, each
with its own advantages and challenges (51). However, in
recent years, there has been a growing interest in the use of
sustainable and eco-friendly materials, such as clay, cements
derived from accesible products, and wood (52).

Figure 7. Using 3Dclay part as recyclable mold for cement

Clay, in particular, has emerged as a preferred material in
construction 3D printing due to its unique properties (53).
It is an abundant and renewable natural resource that can
be mined locally, thus reducing the carbon footprint associ-
ated with transporting materials. In addition, clay is biode-
gradable and non-toxic, making it a sustainable and environ-
mentally friendly option (54). 3D printing with clay, known
as “3D claying,” allows for the creation of complex, custom
structures with a natural, organic aesthetic that is difficult to
achieve with other materials.

Cements derived from accesible products, such as lime-based
cements and other accesible binders, offer similar advantages
(51). These cements are less carbon-intensive than traditional
cements and can “cure” or harden by absorbing carbon diox-
ide from the air, helping to reduce greenhouse gas emissions
(55). In figure 7 it’s an example of cement use with 3D printed
clay mold.

Wood is also a renewable and biodegradable choice, seques-
ters CO2, reducing the carbon footprint (56). 3D printing
with wood allows the creation of lightweight and resistant
structures with a warm and natural aesthetic. In addition,
wood has natural insulating properties, which can improve
the energy efficiency of buildings (57).

Choosing sustainable and eco-friendly materials for 3D print-
ing in construction is not only beneficial for the environment
but can also offer aesthetic and functional advantages (58).
The adaptability of 3D printing allows architects and engi-
neers to explore and experiment with these materials, taking
construction and architectural de-sign to new frontiers (59).

7. IMPLICATIONS AND FUTURE DIRECTIONS

The advent of 3D printing in construction announces new
potential in architecture for quick, efficient fabrication of com-
plex, custom structures, promising transformative changes in
building design and construction (60). Nevertheless, this calls
for careful consideration of challenges to ensure sustainable
integration into architectural practices (61).

3D constructing presents not only efficiency and customiza-
tion benefits but also the opportunity for sustainable design
through local and sustainable materials, enhanced by the
technology’s precision. This can yield more energy- and
resource-efficient buildings, alongside human-centric designs
tailored to user needs. Yet, challenges persist in assimilating
this technology into practice, necessitating proper training
for professionals and considering ethical and social implica-
tions, including equity in access. The continued evolution of
3D printing will be pivotal in architectural practice, requiring
multidisciplinary collaboration to maximize its benefits and
mitigate its challenges (62).

7.1. 3D Constructing integration in architectural
practice

3D printing’s incorporation into architectural practice is
transforming design and construction approaches (63). This
technology enables architects to create forms and structures
once considered unattainable with conventional techniques.
The rapid production of prototypes and full-scale models has
significantly enhanced the design phase, facilitating quicker
iterations and more precise visualization of design ideas. In
addition, 3D printing is driving greater collaboration between
architects, engineers, and builders. The digital and collabora-
tive nature of technology facilitates communication and the
exchange of ideas, resulting in more integrated and cohesive
design solutions (64). Interdisciplinary collaboration is vital
to overcome the technical and aesthetic challenges posed by
3D constructing (65). As technology continues to mature, it
is essential for the architectural community to keep up with
the latest developments and actively explore the possibilities
offered by 3D printing. Only through experimentation and
collaboration can the transformative potential of this tech-
nology be fully harnessed in architectural practice (66).

7.2. Potential for sustainable and customized design
solutions

3D printing in construction has opened up a new horizon of
possibilities in terms of sustainable and customized design
solutions. The ability to fabricate project-specific architec-
tural components allows for precise adaptation to local con-
ditions, which can result in buildings that are more energy
efficient and in tune with their surroundings (67). This cus-
tomization can also reduce material waste, as exactly the
quantities needed for each component can be produced,
minimizing excess (68). From a sustainability perspective,
3D printing offers the opportunity to use recycled or locally
sourced materials, thereby reducing the carbon footprint
associated with the production and transportation of build-
ing materials (69). In addition, the ability to 3D print com-
plex, optimized structures can result in buildings that require
less material but maintain or even improve their strength and
durability (70).
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Instead, the customization enabled by 3D printing can lead
to design solutions that respond specifically to the needs and
desires of end users. This can translate into more functional
and adapted spaces, which improve the quality of life of their
occupants (71). As technology continues to advance, we are
likely to see greater integration of 3D printing into the search
for sustainable and customized design solutions in construc-
tion (72). However, it is essential that this adoption is done in
a thoughtful manner, considering both the opportunities and
challenges it presents (73).

8. CONCLUSIONS

The use of Generative Design (GD) in 3D constructing offers
a number of significant advantages that are closely related.
First of all, the GD enables precise optimization of the mate-
rial and weight of structures. By using algorithms to gener-
ate efficient geometries, a substantial reduction in material
consumption is achieved, which not only reduces costs, but
also decreases construction waste, thus benefiting the envi-
ronment. This material optimization translates directly into
greater efficiency in construction. 3D printing allows the
manufacture of building elements quickly and accurately,
considerably reducing construction times compared to
conventional methods. In addition, this technology can be
applied in remote or hard-to-reach locations, making it easier
to build in challenging environments.

Generative Design and 3D printing also complement each
other in terms of design freedom and customization/adapt-
ability. The GD provides greater design freedom by allowing
architects and designers to create complex, custom shapes
that would be difficult to achieve using traditional construc-
tion methods. This opens the door to the exploration of more
aesthetic and functional designs. In turn, GD-based 3D print-
ing allows for the customization of building components to
suit specific project needs, which is particularly useful in the
construction of homes and structures that must meet precise
requirements or accommodate spatial constraints. This cus-
tomizability and adaptability are intrinsically related to the
design freedom provided by the GD, as both features allow
designers to create structures that optimally meet the needs
of a specific project.

The 3D constructing methodology, as an approach to con-
struction with Generative Design techniques and three-di-
mensional printing, offers a superlative advantage by allow-
ing the comprehensive inclusion of fundamental technical
features (see Figure 8). These features include the precise
definition of recyclable materials, the use of energy-efficient
machinery, the almost total reduction of waste, and the pos-
sibility of combining elements from different categories into
solutions of great geometric complexity during its manufac-
turing process.

Material optimization, one of the pillars of the GD, becomes
an even more relevant aspect in the context of 3D construc-
tion. By using GD algorithms in 3D printing planning, a
noticeable reduction in material consumption is achieved,
which not only reduces costs, but also significantly decreases
construction waste. This is especially valuable, as it contrib-
utes to environmental sustainability while saving on financial
resources.

Figure 8. Generative Design final solution for 3D constructing

In addition, waste reduction is accentuated by combining
3D printing with the ability to use recyclable materials. The
selection of materials that can be recycled or reused in the
construction process promotes circularity and sustainability
in the construction industry, further reducing its environ-
mental impact.

The use of 3D constructing proves to be a highly beneficial
solution in challenging scenarios, such as those following
natural disasters or in isolated regions.

First of all, in situations following catastrophes, such as
earthquakes or floods, 3D printing becomes an invaluable
resource. The ability to build structures quickly and effi-
ciently offers a more agile and effective response to provide
shelter to affected communities. The GD makes it easy to
adapt designs to changing conditions, accelerating recon-
struction and recovery.

In addition, in isolated or hard-to-reach areas, 3D printing
technology opens up new possibilities. It eliminates the need
to transport heavy materials and equipment to remote loca-
tions, which can be logistically complicated and costly. Print-
ing building components at the destination overcomes these
limitations and enables construction in previously inacces-
sible areas, such as rural communities, or extreme environ-
ments, such as arctic or desert regions.

Third, customizability in complex environments is essential.
GD combined with 3D printing makes it possible to adapt
structures to the specific needs of a place. This adaptability is
critical to addressing unique challenges and improving resil-
ience in these complex environments.

In summary, 3D constructing represents an effective and
versatile solution for construction in complex environments,
due to its speed of response, the optimization of the construc-
tion process, the drastic reduction of waste, the adaptability
to specific needs, the possibility of using recycled and recy-
clable materials, and the safety of workers combine to make
this technology an invaluable tool in construction in general.
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