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ABSTRACT: Adaptive materials in civil construction offer superior
performance and high potential for 4D printing integration. Smart materials
exhibit rapid response times, precise sensor applications, and real-time
durability monitoring, with phase-changing materials improving thermal
efficiency by 30% and self-sensing concrete detecting microstrains as low as
10 με. These materials enhance fracture toughness (50% increase), corrosion
resistance (40% improvement), and fire stability (up to 1200 °C). Smart
bricks incorporate phase-change materials, glazing systems, and recyclable
composites, with some embedding electrodes achieving conductivity of 10−3

S/m for strain sensing. Additive manufacturing (AM) reduces material waste
by 50%, enhances design flexibility (90%), and lowers the carbon footprint
(40−60%). This review examines communication protocols such as Zigbee,
LoRaWAN, and 5G, which enable real-time data transfer and processing.
However, embedded systems in smart bricks may be vulnerable to cyber-attacks and data breaches. Ensuring security involves
encryption methods, blockchain technology, intrusion detection systems to protect data integrity and network reliability, 3D-printed
smart bricks, categorizing materials, and fabrication mechanisms. Integrating AM with smart materials fosters resilient, energy-
efficient construction, essential for sustainable urbanization.

1. INTRODUCTION
One of the newest technological developments to enter the
construction industry is Additive Manufacturing (AM), also
called 3D printing. This invention dramatically aids the
continuous digitalization of the sector.1 3D printing and
increased interest in construction automation are transforming
conventional building techniques. This trend toward automa-
tion is driven by several important considerations, including
lowering manufacturing costs, increasing design possibilities,
strengthening safety by eliminating the need for labor-intensive
jobs and reducing the time that building takes on-site. Because
of this, 3D printing is being utilized increasingly in the
construction sector to enhance efficiency, accuracy, and design
flexibility.2 Different techniques are used for additive
manufacturing, as mentioned in Table 1. The two main
methods used in Additive Manufacturing for Construction
(AMC) are extruded material and powder-based systems.
Several different techniques are used in powder-based systems,
such as binder jetting, selective paste intrusion, and selective
binder (cement) activation (SBA). These techniques, which
frequently employ the D-shape method to create solid
structures, involve carefully placing and solidifying binding
agents between layers of powdered materials.

In contrast, extruded material systems utilize a concrete mix
pumped via a nozzle. This technique makes it possible to
develop structures layer by layer by continuously depositing
material in a regulated manner. Both methods contribute to
improving and digitizing building processes by offering various
advantages regarding adaptability, accuracy, and efficiency.
Material extrusion is the basis for the most popular 3D
printing. This typically involves heating, extruding, and
selectively depositing a plastic filament that fused with the
existing structure and hardened as it cooled. Similar procedures
are applied in the building sector, where cement is the
extruded material. Concrete printing (CP) and contour
crafting (CC) are construction’s central extrusion material
systems. To construct the printed item, a mix, typically mortar
is injected through a nozzle in contour crafting and concrete
printing. The process is similar to fused deposition modeling
(FDM) techniques, with one difference: heating is unnecessary
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because the material is already fluid.3 These methods increase
the flexibility of complex structures by making their
construction accurate and efficient. The materials used in 3D
printing must meet specific requirements to be compatible
with the technology.4 Cementitious, polymer, and metallic
materials are the most frequently used materials in 3D
printing.5 Melting polymers and printing products are the
main objectives of fused filament fabrication, also known as
fused deposition modeling, or FDM.6 Polymer materials, often
used for aesthetic purposes due to their lack of structural
properties, provide a low-risk option for implementing additive
manufacturing technology in construction. PLA (poly(lactic
acid)) and ABS (acrylonitrile butadiene styrene) are both of
the most commonly utilized polymer-based printing materials.7

Since both are thermoplastic polymers, they melt and solidify
when heated to a high temperature. Because PLA degrades
naturally, it is considered a more sustainable material than
ABS.8

The word “smart bricks” is extensively utilized in many
different technological areas, and “smart” implies the capacity
to gather in situ data on environmental conditions like force,
stress, Temperature, tilt, moisture, and so on in creating
intelligent building materials. The term “smart bricks” is
composed of a unique burned clay brick stuffed with
electrically conductive fillers and electrodes acting as a
piezoresistive strain detecting unit fabricated by a sensor.
Bright Brick is an incredible concept with sensors, data
capabilities, and adaptability in the developing world. The
resulting bricks can fundamentally change building methods by
overcoming difficulties with resource scarcity, urbanization,
and energy efficiency.9,10 The beginning of Green building,
also referred to as Sustainable building, has become the
concept behind developing and creating buildings while using
methods that provide importance to resource efficiency and
environmental consciousness at each stage of a building
lifecycle, spanning from inception through construction, use

restoration, maintenance, and demolition.11 The overarching
aim of green buildings is to reduce their influence on the
environment and the wellness of people by ensuring the
utilization of water, energy, and other natural resource.12

Incorporating green building methods and materials that place
a priority on reducing the consumption of energy, reducing
waste, and utilizing sustainable resources not only minimizes
the environmental impact of a building but also develops
spaces that are more affordable to operate and upkeep over
time.13 The requirement for sustainable and ecologically
conscious techniques in construction and design contributes
to the rising importance of green building methods in modern
society. The necessity arises from various factors, such as
environmental percussion of traditional building techniques,
heightened understanding of climate change, and the
aspiration to encourage safer and more efficient living
conditions for residents.14 Innovative materials have become
crucial to green building movements to create green and
sustainable cities since they provide creative solutions to
sustainable construction methods; these materials are
produced to reduce waste, optimize energy use, and respond
to changes in the environmental conditions throughout a
building.15 Conventional building construction has an
enormous adverse effect on the global environment, mainly
due to the substantial emission of greenhouse gases into the
atmosphere, excessive use of water, and wastewater production.
Additionally, they utilize nonsustainable materials for con-
struction, which raises CO2 emissions, and they add an
accumulation of building debris, which consists of plastic,
concrete, glass, wood, metals, and more.16

Smart bricks represent a transformative approach to
reducing embodied carbon and improving energy efficiency
in modern construction. By integrating advanced materials and
technologies, they address critical sustainability challenges
while enhancing building performance. One key innovation lies
in high-performance insulation materials that significantly
improve thermal regulation. These materials help maintain
stable indoor temperatures, reducing dependence on energy-
intensive heating and cooling systems and lowering overall
energy consumption. Similarly, phase change materials
(PCMs) offer dynamic thermal management by absorbing
and releasing heat as temperatures fluctuate, contributing to
passive energy savings and enhanced occupant comfort. Using
sustainable and recycled materials further highlights the
potential of smart bricks in reducing the environmental impact
of construction. Recycled materials minimize waste and reduce
the carbon footprint associated with extracting and processing
virgin resources. Innovations in eco-friendly concrete, such as
incorporating supplementary cementitious materials (SCMs),
exemplify strategies to lower emissions during production
while maintaining structural integrity. Beyond material
innovations, smart bricks incorporate adaptive and intelligent
technologies that elevate energy efficiency. Advanced glazing
systems, for instance, reduce heat loss in winter and heat gain
in summer, optimizing the energy balance within buildings.
IoT-enabled devices integrated with smart bricks allow real-
time monitoring of environmental conditions, dynamically
adjusting heating, cooling, and lighting systems to optimize
energy usage. These systems demonstrate a powerful synergy
between material advancements and intelligent building
management, as evidenced by case studies showcasing
significant energy savings and enhanced indoor comfort.
Moreover, smart materials embedded within these bricks

Table 1. Different Types of AM Methodologies in the
Construction Industry

AM Techniques Process Materials System Reference

Contour
Crafting

Material
extrusion

Concrete Gantry 36

3D Concrete
Printing
(3DCP)

Material
extrusion

Concrete Gantry 37

Concrete
Printing

Material
extrusion

Concrete Gantry 38

Winsun Material
extrusion

Concrete Gantry 39

Vulcan II Material
extrusion

Concrete Gantry 40

Apis Cor Material
extrusion

Concrete Arm 41

Minibuilders Material
extrusion

Polymer Group of
small
robots

42

Hadrian X Material
assembly

Brick Arm 43

In-situ
Fabricator

Material
assembly

Brick Arm 44, 45

FreeFAB Material
extrusion

Wax Gantry 46

Shotcrete
Printing

Material
Sprayed

Concrete Gantry 47

D shape Binder
jetting

Microconcrete Gantry 48
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adapt to environmental changes, such as temperature or
humidity, providing a responsive and self-regulating approach
to building design. This adaptability enhances durability and
functionality, ensuring sustainable performance over the
building’s lifecycle. By integrating these advanced features,
smart brick technologies reduce embodied carbon and
contribute to a new energy-efficient and environmentally
conscious construction paradigm, paving the way for a more
sustainable built environment.17,18

Bright bricks provide innovative roots for ecologically
conscious construction, seamlessly incorporating technology
into green building operations to enhance sustainability and
efficiency. The bright bricks are embedded with sensors, signal
processors, and wireless communication links that act as
vigilant guardians, inferring the underlying pressure or
damage.19 There are different types of sensors, including
those for moisture, force, stress, chemicals, humidity, and
sound; these bricks seamlessly integrate into walls and observe
the Temperature, vibration, and motion monitors in
buildings.20 Table 2 illustrates the sensors’ type, properties,

and application. Suppose a sensor node positioned inside
stairwell fire curtain walls carefully delivers crucial data about
the safety of buildings in case of a fire. When temperature
sensors are used to identify the region that is rapidly burning
or deemed unsafe for an exit because of detective fire curtains,
tilt and acceleration sensors produce important data on
structural damage. The data, orchestrated using a scattered
sensor network through an enormous structure or skyscraper,
acts as a formidable ally that substantially enhances security for
residents and prevents emergency services.21 This synergy
becomes even more impactful in conjunction with 3D printing
technology, which arises from the layer-by-layer construction
using Computer-aided design (CAD) models, and this
technology is an awe-inspiring invention that has evolved
into a fabrication platform.22

Technology development plays a vital role in improving
business productivity in the construction field, and nowadays,
3D printing or additive manufacturing is a part of these
innovations. This expression encompasses various technologies
that utilize 3D printing to manufacture construction materials

Table 2. Types of Sensors with Properties along with Applications

SL.
No Types of Sensors Properties Applications Reference

1 Temperature
sensor

Measure temperature readings from outside Checking building temperature for climate control,
detecting fire, and energy conservation.

49

2 Humidity sensor Detect the atmosphere’s moisture content. Promoting indoor air quality 50
3 Accelerometers Calculate vibration and accelerators. Identify the vibration caused by earthquakes and

unauthorized incursion.
51

4 Pressure sensor Determine the variations in atmospheric pressure. Check the potential structural errors, forecasting the
pressure.

52

5 Motion sensor Capable of detecting movement. Sensing system. 53
6 Light sensor Measure Intensity of Light It is utilized in automobiles 54
7 Electric sensor They are used to measure and interpret electrical signals that occur

when quantities or events change.
It is used in house appliances and industrial systems. 55

8 Water sensor Calculate the volume of water used. Employed to start and stop water pumps, water
heaters

56

Figure 1. (A) Positive aspects of 3D printing, (B) Separation of material, process, design, and function in construction 3D printing. Reprinted with
permission from ref 23. Copyright 2021, Elsevier.
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and buildings.24 A variety of materials can be applied using 3D
techniques, but in the case of construction, additive
manufacturing uses a unique blend. The utilization of 3D
technologies in the manufacturing of buildings minimizes the
reliance on manual labor, and it works at a low cost, as shown
in Figure 1.25 The innovative concept that the role of humans
in construction relatively diminishes opens up novel
possibilities for enormous communities, and the 3D
technologies make it easier to construct buildings in any
shape. It allows designers and architects to design without any
restrictions from conventional constraints, and the construc-
tion period is shorter.26

Innovative materials are used in 4D printing and can be
configured or programmed to modify their shape in response
to external stimuli.27 Many studies have been done recently to
determine new items that can be used with 3D printing
technology. 4D printing, a development over conventional 3D
printing techniques, was developed due to this rise in
interest.28 The 4D technique includes creating three-dimen-
sional things with the potential to change their form and
function in reaction to outside stimuli, allowing printed objects
to develop and change over time.29 For 4D printing to become
successful, two conditions must be satisfied. First, the materials
employed should react to external stimuli so that the printed
items are programmable. Second, an external stimulus that
operates as a catalyst for transformation is required. Such
stimuli include heat, pH shifts, light irradiation, or moisture.
The 4D-printed object can be activated, providing its intended
functionality when both conditions are satisfied.30 Researchers
have refined the definition to describe 3D-printed structures
that exhibit targeted shape or property transformations when
exposed to external stimuli.28,31 Most studies now focus on
4D-printed structures’ capability to alter shape, including
bending, elongating, twisting, and corrugating. It is feasible to
design these dynamic alterations further to produce valuable
products like microtubes, robots, lifters, lockers, and toys.32−34

Compared with trivial uniform swelling, the 4D-printed
object must display material anisotropy to achieve directional
shape changes. This requires the precise and congruent
printing of multiple materials in combination. A more

specialized type of 3D printer is called a 4D printer. Currently,
readily accessible methods for 4D printing include selective
laser melting, laser-assisted bioprinting, stereolithography,
fused deposition modeling, and direct inkjet curing. The
specific types of innovative materials used should be
considered when selecting a printer.35

This paper provides an idea about introducing bright bricks,
an emergent study of additive manufacturing, portrays the
different fabrication techniques using 3D printing, and focuses
on 4D printing for construction applications. This newly
developed approach to building construction has many
advantages, including reduced material waste and improved
sustainability and cost-effectiveness. Creating intelligent bricks,
potentially transforming the building sector completely, is one
of the field’s most promising uses of 3D printing. Produced
through 3D printing, intelligent bricks can integrate advanced
functionalities such as self-monitoring, self-healing, and energy-
harvesting capabilities, making them a game-changer in
innovative and sustainable construction. These revolutionary
bricks can speed up the building process and optimize resource
usage, resulting in an eco-friendly and effective built environ-
ment. This work highlights the different types of intelligent
bricks and their modification using sensors to provide better
construction facilities. Modification methods by utilizing
materials such as Graphene/PLA filament, 3D Graphene
Nanosheet, 3D MXene, and Graphene nanoplatelets are
described in this context. The efficiency of these smart bricks
in various applications, including crack detection, Structural
Health Monitoring, and Strain-sensing, is also illustrated.

2. SMART BRICK
A Smart brick is a clay brick that exhibits noticeable variations
in electrical resistance when an external load is applied to it,
and it also carries electrical conductivity and piezo-resistive
features.57 A proper conductive filler can be introduced
throughout manufacturing to strengthen certain features of
standard clay bricks. Presenting a monitoring method in an
intelligent brick system is better since it provides high-fidelity
data through natural brick traits used to record strain. This
advancement offers long-term constancy since the sensors

Figure 2. represents the manufacturing process of intelligent bricks. Reprinted with permission from ref 57. Copyright 2021, Elsevier.
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mimic the durability of the structural material.58 Another
remarkable attribute of bright bricks is architectural integra-
tion, which maintains the visual closeness to traditional neat
brick. This is carried out by placing electrodes on the inside
surface of the brick to cover them up, the manufacturing step
of bright bricks demonstrated in Figure 2. Smart bricks in
rugged sensor networks keep tabs on long-term tension
changes, like those generated by earthquake impacts or
variations in elevation, by contrasting the actual strain readings
with those of the unaffected structures. When the strain data
from the intelligent bricks can be examined to recreate patterns
in masonry construction or structural components when the
innovative sensors are dispersed throughout the load-bearing
system, such as identifying anomalies in the built tension field
maps facilitates efficient damage detection. The essential
elements of intelligent brick designing are made from
specialized ceramics that can conduct heat and electricity.
These ceramics play a vital role in integrating sensors, circuits,
and other smart devices by ensuring electronic parts are inside
the bricks. Bright bricks typically contain sustainable materials
like recycled plastics to improve their eco-friendliness further.
Also, to enhance their environmental benefits, bright bricks
may contain photovoltaic materials applied to their external
surface to gather solar energy.59 Implementing 3D-printed
intelligent bricks significantly reduces material waste by 30−
50% compared to traditional bricklaying methods, owing to
enhanced precision and efficiency. A study by Zhiqiang Lai et
al. presents an innovative approach to resource efficiency by
transforming construction waste into high-performance thixo-
tropic soils suitable for additive manufacturing. These
engineered soils exhibit exceptional mechanical properties,
achieving compressive strengths of 30 MPa (50% higher than
traditional substrates) and flexural strengths of 5 MPa,
ensuring their viability for construction. Life cycle assessments
reveal a 20% reduction in carbon emissions and resource
efficiency of 85%, far surpassing the 60% average of
conventional materials. Additionally, fine-tuned 3D printing
parameters achieve layer accuracy of ± 0.1 mm, reducing
material wastage by 30% and accelerating construction
timelines by 40%. These materials demonstrate excellent
thermal stability, with only 0.1% variation at elevated
temperatures, and maintain durability with less than 0.5 MPa
degradation over 10 months, underscoring their potential for
sustainable and efficient construction practices.60 S. A. Khan
and colleagues underscore the significant environmental
benefits of incorporating circular materials derived from
waste into construction practices, highlighting their potential
to reduce carbon emissions and energy consumption compared
to conventional materials. Their research reveals that 3D
printing with circular materials enhances resource efficiency by
minimizing waste generation through recycled products,
paving the way for more sustainable construction method-
ologies. Through a comprehensive comparative analysis, the
study demonstrates that construction methods employing
circular materials substantially lower the overall ecological
footprint, with metrics encompassing resource depletion,
energy use, and greenhouse gas emissions. Several case studies
illustrate the successful real-world implementation of 3D
printing with circular materials, showcasing its practical
feasibility and transformative potential in the construction
sector. These examples emphasize the dual advantages of
environmental sustainability and technological innovation,
underscoring the pivotal role of integrating 3D printing

technologies with circular economy principles. The findings
strongly advocate for adopting these sustainable practices to
foster a greener and more resilient construction industry.61

Implementing intelligent bricks in infrastructure projects offers
significant cost savings and environmental benefits. These
innovations enhance durability, reduce energy consumption,
and minimize greenhouse gas emissions, making them a
sustainable choice for modern construction. Implementing a
smart curing system represents a transformative advancement
in enhancing the strength and durability of concrete bricks.
Maintaining optimal moisture levels throughout the curing
process mitigates the risk of cracks and structural failures
commonly associated with traditional curing methods.
Integrated sensors continuously monitor moisture and temper-
ature levels within the bricks, enabling precise control over the
curing environment to achieve ideal hydration conditions
critical for developing concrete strength. Unlike conventional
methods that rely on manual monitoring and are prone to
human error, the smart system automates the process, ensuring
consistency and minimizing potential inaccuracies. Moreover,
research highlights the long-term advantages of this approach,
including improved product quality and significant cost
savings. Enhanced durability reduces material waste and lowers
maintenance requirements, underscoring the smart curing
system’s potential to revolutionize concrete bricks’ production
and lifecycle performance.62,63 Nanomaterials, including
Graphene, might also be incorporated into intelligent bricks
to improve their electrical and mechanical performance; bright
bricks have enhanced conductivity, strength, and durability by
including nanomaterials, making them excellent for various
building applications.64 Usually, recycled plastic material
provides an essential component of these bricks; certain
types of plastics, such as high-density polyethylene (HDPE),
Polyethylene Terephthalate (PET), and Poly(vinyl chloride)
(PVC) are frequently used in smart bricks.65 3D printing
methods produce these bricks, enabling precise and adjustable
designs. Embedded sensors are commonly used to track real-
time energy consumption, ambient conditions, and structural
integrity. Integrating intelligent technologies enhances main-
tenance and energy management through continuous data
collection and analysis. While Lim et al.66 concentrated on
recent advancements in 3D printing, specifically the use of
concrete as a printing material, Ghafar et al.67 examined
methods and materials used in 3D printing, highlighting
benefits related to sustainability. The challenges and
opportunities of 3D printing in the building industry were
discussed by Labonnote et al.68 and categorized into four
areas: material science, engineering, building design, and
market analysis. Bos et al.37 identified the primary difficulties
and chances associated with the 3D printing of concrete. In
their study of 3D printing applications, Wu et al.24 underlined
the challenges in applying this technology to large-scale
projects.
The exploration of materials like Graphene/PLA filament

and 3D Graphene Nanosheet for intelligent bricks presents
significant potential, yet it is essential to address the challenges
and limitations associated with these materials. Understanding
these obstacles is crucial for advancing the application of smart
materials in construction. Despite their promising properties,
these materials often present issues such as high production
costs, scalability challenges, material degradation under specific
environmental conditions, and compatibility with existing
manufacturing processes. Moreover, there are potential
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concerns regarding the ecological impact of large-scale
production and disposal and technical difficulties in achieving
uniform dispersion or integration of nanomaterials within the
brick matrix. Addressing these challenges is essential for
providing a balanced perspective on the feasibility and
practicality of deploying such advanced materials in intelligent
brick applications. Without this, the narrative may appear
overly optimistic, overlooking critical factors that could affect
real-world implementation.69−71

A smart brick is a technologically advanced construction unit
that integrates multiple functional, structural, and interactive
capabilities, distinguishing it from conventional bricks that
serve only passive load-bearing or insulating roles. Beyond
simply embedding sensors, smart bricks incorporate multi-
functional materials like self-healing polymers, piezoresistive
composites, and phase-change materials to enable autonomous
damage repair, thermal regulation, and energy storage.
Embedded sensing and monitoring systems, including strain
gauges, fiber optics, and piezoelectric transducers, allow real-
time structural health monitoring (SHM), detecting cracks,
stress, and environmental variations. Some smart bricks feature
energy-harvesting capabilities, using triboelectric generators,
thermoelectric materials, or photovoltaic coatings to contribute
to decentralized energy storage. Unlike static materials, they
exhibit adaptive properties, such as thermochromic or
hydrogel-based responses to temperature and humidity
changes, improving energy efficiency and indoor comfort.
Additionally, modular connectivity and IoT integration enable
wireless communication for remote diagnostics and predictive
maintenance. Advanced self-healing mechanisms, including
microcapsules with repair agents or vascular networks, enhance
structural durability, while nanoreinforcements (e.g., graphene-
enhanced cement) improve mechanical strength. The true
innovation of smart bricks lies in their synergistic impact on
building performance�enhancing safety through early damage
detection, reducing energy consumption via active thermal
regulation, improving sustainability by extending material
lifespan, and facilitating automation in smart infrastructure.
Ultimately, smart bricks represent a paradigm shift toward
intelligent, interactive, and self-sustaining construction materi-
als that redefine modern architecture and infrastructure.72−74

3. VARIOUS TYPES OF SMART BRICK
Smart bricks, a creative advancement in technology that
combines functionality with conventional building materials,
have the potential to impact urban development significantly.
Their adaptability and potential effect in several fields, from
urban infrastructure to sustainable building, make them crucial
in influencing design and urban development as technology
evolves. As smart bricks become increasingly important, they
will shape the future of construction and urban planning.
Integrating multiple functionalities�structural health mon-

itoring (SHM), strain sensing, crack detection, self-healing, and
thermal sensing�into a single smart brick requires careful
consideration of material compatibility, functional trade-offs,
and structural integrity. Strain-sensing elements, often utilizing
piezoresistive nanocomposites, carbon-based networks, or
embedded fiber optic sensors, may affect mechanical perform-
ance by introducing weak interfaces or stress concentrations.
Similarly, crack-detection mechanisms based on conductive
fillers or acoustic emission sensors require precise placement to
avoid interference with load-bearing capacities.75 Self-healing
technologies, such as polymeric microcapsules, vascular

networks, or bacterial-based healing agents, enhance long-
term durability but may reduce initial compressive strength
due to the presence of voids or inclusions.76 Thermal sensing,
which typically relies on phase-change materials, thermochro-
mic coatings, or infrared-sensitive additives, can impact the
insulation properties of the brick, potentially reducing energy
efficiency in residential applications. In optimizing these trade-
offs, residential construction would benefit from prioritizing
energy efficiency and self-healing capabilities, integrating
coatings for thermal sensing, and localized microcapsules in
nonload-bearing regions to maintain strength.77 In contrast,
industrial applications demand higher structural reliability and
real-time SHM, necessitating robust sensor networks, advanced
piezoelectric or resistive sensing grids, and minimal use of self-
healing to avoid compromising load-bearing capacity.
Furthermore, multifunctional integration should consider
environmental exposure, cyclic loading conditions, and long-
term durability by employing hybrid material formulations,
gradient architectures, or layered composites that compart-
mentalize functions without compromising overall perform-
ance.78 By strategically optimizing material placement and
functional synergy, smart bricks can be tailored to meet the
specific demands of different construction environments while
ensuring long-term reliability and sustainability.
Optimizing the structural integrity of smart bricks while

incorporating functionalities like strain-sensing and crack
detection involves innovative material design and integration
of advanced monitoring technologies. Recent advancements
highlight the potential of smart bricks to enhance structural
health monitoring (SHM) in masonry buildings, addressing
challenges such as localized damage detection and environ-
mental influences. While these innovations present significant
advancements in smart brick technology, challenges remain in
achieving widespread adoption and integration into existing
structures, particularly in terms of cost and scalability.79,80

3.1. Structural Health Monitoring (SHM). One of the
most significant actions in maintaining the conservation of
heritage constructions is to keep a close eye on their condition
and preservation. An efficient and precise structural health
monitoring (SHM) system is crucial for determining structural
performance while providing relevant data for planning
maintenance and retrofitting affordable and environmentally
friendly strategies, as shown in Figure 3.81 SHM in bricks
integrates advanced sensor technologies to detect and address
early signs of structural damage, ensuring the longevity and
safety of built environments. By embedding diverse sensors,
including accelerometers,82 strain sensors,83 inclinometers,84

Figure 3. Structural health monitoring of smart bricks.
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environmental sensors,84 and tilt sensors,85 SHM bricks
provide continuous, real-time data on structural integrity
under various operational conditions. These sensors collec-
tively monitor parameters such as stress, strain, vibrations, and
environmental influences, offering valuable insights into the
health and stability of structures. However, implementing
SHM systems presents challenges, such as sensor faults, signal
interference, and complexities in data correlation, which can
hinder precise damage detection and analysis. To overcome
these obstacles, significant progress has been made in sensor
miniaturization, reliability, and data processing algorithms.
Machine learning and artificial intelligence techniques now
enable the identification of subtle anomalies within large data
sets, improving the accuracy of damage assessment and
forecasting.86 These technological advancements enhance
SHM efficiency and contribute to the broader adoption of
intelligent construction practices, paving the way for safer,
more resilient, and sustainable infrastructure systems. By
transforming bricks into self-monitoring entities, SHM systems
exemplify the synergy between material innovation and digital
technology, addressing critical challenges in modern con-
struction and urbanization. By incorporating stainless steel
microfiber as conductive material into the clay and adding
superficial horizontal copper plates as electrodes to the brick
surface after it has been baked at 900 °C, Antonella D.
Alessandro et al. demonstrated a novel formulation for a clay
brick that can sense and monitor the structural health of
masonry structures.87 According to the investigation, the same
preparation strategy was used for casting bricks using nano
titania.58 The researcher investigates the configuration of two
advanced stress sensors, especially ceramic and capacitive
sensors, on prestressed masonry walls made of clay and
calcarenite, which the researcher is exploring. With two
alternative postinstallation processes, two types of sensors,
and two kinds of configuration, the sensors are attached to
existing walls under load circumstances, stimulating a real-
world scenario88�the first postinstallation technique detected
issues related to the sensors’ placement. Due to installation
faults, ceramic sensors mounted on calcarenite and clay brick
masonry specimens failed to precisely record the load cell
reference curve. In the content of the postinstallation system,
P2 was a comparison between load cells, capacitive sensors,
and ceramic sensors. When rigid mortar was implemented
during sensor installation, capacitive stress sensor sensitivity
decreased at lower load values. Experiments on calcarenite and
clay brick masonry fitted with ceramic and capacitive stress
sensors indicated that the ceramic sensors curve differed
significantly from the load cell reference curve; the resultant
showed that both types of sensors were able to record the
change of stress state, with no appreciable difference between
the two types of masonry. Remarkably, the first postinstallation
system had a problem with ceramic sensors in terms of
reliability, while the second system had a problem with
fluctuation in stiffness.88,89 Research on an Atmel SAM-based
wireless sensor node for bridge SHM highlights significant
advancements in continuous monitoring and data accuracy.
Key findings include precise modal parameter measurement
using accelerometer sensors calibrated with the VCD21D
vibration tool to achieve a minimal error of 0.3%. The study
also demonstrated the effectiveness of Reference Broadcast
Synchronization (RBS) in wireless sensor networks, achieving
a synchronization error of just 2049.5 μs. These results
underscore the importance of accurate sensor calibration and

robust synchronization in ensuring reliable, real-time SHM
data, contributing to safer and more resilient infrastructure.82

Jyrki Kullaa and the team explored using autocovariance
function (ACF) estimates for damage detection in structural
health monitoring (SHM). By analyzing response data from
diverse sensors measuring displacement, velocity, acceleration,
and strain under stationary random excitation, functionally
similar ACFs were derived, enabling unified data analysis. A
spatiotemporal correlation model was developed using ACFs at
various lags, with violations of the model serving as reliable
indicators of structural damage. Validated using a finite
element model of a bridge deck, the method demonstrated
effective damage detection without requiring excitation or
environmental measurements. The integration of diverse
sensor types maintained detection accuracy while enhancing
system robustness. The study highlights ACF estimates and
spatiotemporal models as practical tools for scalable, accurate
SHM, offering innovative solutions for monitoring structural
integrity in modern infrastructure.83

Figure 3 illustrates the integration of damage detection,
smart brick sensors, and data acquisition systems to monitor
and analyze the performance of smart bricks for masonry
buildings. The system begins with identifying potentially
damaged areas within the structure, where smart bricks with
embedded strain sensors are strategically installed. These
sensors detect real-time deformations and transmit the data
wirelessly to a central hub. The collected data is then
forwarded to a data acquisition system for further processing,
typically represented by a computer or server. The raw sensor
data undergoes preprocessing to filter out noise and ensure
accuracy, followed by strain analysis to detect deformation
patterns and assess the magnitude and location of abnormal
stresses. Advanced algorithms compare the results against
baseline thresholds to evaluate the structural integrity,
providing actionable insights into the building’s condition.
Visualizations, such as heatmaps or 3D models, are generated
to display the findings intuitively. Additionally, predictive
analytics can leverage historical and real-time data to forecast
potential failures, enabling proactive maintenance strategies.
This integrated approach ensures real-time monitoring,
accurate damage detection, and data-driven decision-making
to enhance the safety and longevity of masonry structures.

3.2. Strain-Sensing Brick. The combined effect of the
contact resistance developed in the electrodes of bright bricks,
and the piezo resistivity found in the doped clay matrices
provides their strain-sensing prowess. Although contact
resistance plays a role, these innovative sensors primarily use
piezo-resistive behavior as their sensing mechanism. The
specially engineered mix design of bright bricks involves
certain fillers that transport electricity into the clay matrix.
Using the piezo resistive concept, bright bricks help assess
strain variation when integrated into masonry structures
because they can monitor electrical outputs like electrical
resistance.90 Enrique Garcia et al. delve into the operational
details of bright bricks and examine matters like the
requirement of electrical separation for sensors and their
working phenomena in various construction conditions.91

Bright brick performs at peak efficiency in an electrically
isolated environment, demonstrating high sensitivity. Within
the masonry shear walls, the electrical responses of bright brick
are deliberately using electrochemical Finite Element(FE)
simulations. During earthquake simulation, a shaking table was
employed with the smart bricks to test an unreinforced
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masonry (URM) building. The test was conducted in a higher-
intensity sequence to destroy the structure gradually. After
every phase of earthquake simulation, smart brick was
implemented to detect long-term changes when the load is
distributed within the building by tracking strain variation, and
the strain outputs from the smart bricks can be analyzed to
reconstruct the strain field in masonry construction, which
facilitates the damage detection by identifying variations in the
strain field maps. An electromechanical finite element (FE)
simulation framework was created to mimic the shaking table
test and correctly comprehend the experiments’ outcome.
Strain-sensing technologies are vital in monitoring the
structural integrity of masonry buildings, particularly brick
structures. Recent innovations have led to the development of
a range of sensor technologies that enhance strain detection
and enable the assessment of potential damage. Shaking table
tests and electromechanical finite element (FE) simulations
offer complementary approaches for assessing the accuracy and
reliability of strain data obtained from bright bricks under
earthquake scenarios. Shaking table tests provide realistic,
empirical validation, capturing actual seismic forces, multi-
directional accelerations, and material interactions, making
them effective in evaluating sensor performance under dynamic
conditions. They also account for masonry imperfections,
sensor-mortar bonding variability, and environmental influen-
ces. However, these tests are costly, time-consuming, and
subject to scaling limitations, making large-scale validation
challenging. In contrast, FE simulations enable controlled
parametric analysis, allowing systematic variation of earthquake
intensities, material properties, and sensor placements while
providing detailed strain distribution and internal stress states
that may not be directly measurable in experiments. They are
cost-effective and efficient but rely on modeling assumptions
that may not fully capture real-world effects such as material
degradation, nonuniform sensor bonding, or dynamic damping
variations. Discrepancies between the two methods can arise
due to idealized vs real-world conditions, where FE models
assume uniform material properties and perfect boundary
conditions. At the same time, experimental tests account for
actual construction defects and sensor inconsistencies. Addi-
tionally, sensor calibration differences and limitations in
capturing high-frequency earthquake effects can lead to
variations in strain measurements. By integrating these two
methods, researchers can refine simulation models for better
predictive accuracy while using experimental data as ground
truth, ultimately enhancing bright bricks’ design, optimization,
and real-world applicability for seismic resilience in masonry
structures.76,92,93 Microbiologically induced crack healing
smart clay bricks, for example, have been designed to integrate
strain sensors directly within the masonry, enabling diffuse
strain monitoring and providing real-time data on structural
health without the need for external sensors. Traditional strain
sensors, such as electrical strain gauges and fiber-optic sensors,
incorporate long gauge and distributed sensing capabilities,
which expand their applicability in structural health monitor-
ing. Additionally, concrete-based sensors, incorporating multi-
walled carbon nanotubes, offer high sensitivity and durability,
making them promising candidates for embedding in brick
structures to ensure continuous strain monitoring. Flexible and
textile-based sensors are emerging as a versatile solution,
especially for applications requiring adaptability to irregular
surfaces. These sensors can be integrated into wearable

technologies, broadening their potential use in structural and
human health monitoring.
Bright bricks with piezoresistive properties offer a well-

balanced solution for strain monitoring in masonry structures,
combining high sensitivity, durability, and seamless integration
without requiring external adhesives or complex installation.
Compared to electrical strain gauges, which are cost-effective
and precise but prone to environmental degradation and
complex wiring, bright bricks provide a more robust and
scalable alternative. Fiber-optic sensors, while offering superior
accuracy and immunity to electromagnetic interference, suffer
from high costs and difficult installation, making them less
practical for large-scale masonry applications. Carbon nano-
tube (CNT)-based concrete sensors provide high durability
and integration potential, but their long-term stability and cost-
effectiveness remain challenges. Overall, bright bricks stand out
for their ease of deployment, cost-efficiency, and ability to be
mass-produced, making them an ideal choice for real-time
strain sensing in masonry structures. Table 3 detailed
comparison of ″bright bricks″ with piezoresistive properties
against electrical strain gauges, fiber-optic sensors, and carbon
nanotube (CNT)-based concrete sensors for strain monitoring
in masonry structures.94−96

3.3. Crack Detection Brick. Individual masonry blocks’
sacrificial mortar and modular structures can maintain a long
service lifetime because they allow progressive repair and lower
maintenance costs than monolithic materials, including
concrete slabs. Thermal stress from freezing and thawing
cycles, unsuitable material proximity, hygroscopic stress from
rainfall or increasing dampness, and mechanical stress from
settlement or earthquake may cause cracking in the masonry
buildings.97 The brick is equipped with sensors showcasing
piezo-resistive characteristics, so it is feasible for them to detect
the notable variation in electrical resistance in response to
compression forces, as exhibited in Figure 4. These modern
facility sensors are meticulously crafted from a composite
material that blends fresh clay with electrically conductive
microfillers to amplify this distinctive electromechanical
feature. Improving the specific characteristics of the conven-
tional clay brick requires adding an appropriate conductive
filler in the production process. Downey et al. explore the
promising application of titania doped clay brick as a tempting
filler choice, considering their electrical resistivity ranging from
0.1 to 10Ωcm and their resilience to high temperatures. Linear
variable differential transformers (LVDTs) and smart bricks
were used to identify cracks in masonry walls, and the cracking
pattern mainly affected both the front and back sides of the
wall, which occurred in the squeezed diagonal. As the applied
load developed, smart bricks developed an increase in
compressive stresses. At the crack forming point, a noticeable
decrease in their compressive strain levels of 0.2 MPa was
mentioned when employed on masonry structural elements
exposed to in-plane shear loading; smart brick technology
demonstrated performance in the rapid detection of cracks.90

Two cases are applied to calculate the crack width. Case 1:
crack orientation <45° and case 2: crack orientation >45°. A
Crack object resembles a horizontal crack in crack 1, and a
crack object leans vertical crack in crack 2. The crack width at
the crack section ‘s’ of the crack object is denoted as W(s).

= ·W LCase 1: (s) (s) sin(90 )v

= ·W LCase 2: (s) (s) sin( )h
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Lv (s) and Lh(s) are denoted as the number of crack pixels
measured in the vertical and horizontal direction at sections, ′
and α is the orientation of a crack object.
Therefore, crack length (Lc) is:98

=
·

L
WPer 2

c
avg

where Per denotes crack perimeter, and Wavg is the average
value of crack width.

3.4. Self-Healing Brick. There is a wide variety of self-
healing materials belonging to the category of intelligent
structures since they contain encapsulated healing compounds
that are released when damage occurs, “healing” the “injury”
and improving the material that is useful in life. Self-healing is
done to reduce cracks, reduce maintenance expenses, and
increase strength and durability. Skin and additional damaged
tissue tend to mend themselves because the host may absorb
nutrients and develop new alternatives that help the injured
parts heal.99 Microbiologically induced crack healing is a
valuable method to heal such cracks found in bricks; it entails
inserting certain bacteria that can generate calcium carbonate,
which helps caulk the gap. The bacteria serve as an inducer of
mineralization and cause the formation of calcium carbonate
under the presence of a calcium supply. Concurrently, calcium
particles provide bacteria energy and act as precursors of
calcium carbonate. Dormant bacterial spores become activated
when the entry of air and water forms cracks, and these spores
immediately begin to precipitate CaCO3 by utilizing the
calcium substance as a source of energy.100 Microbiologically
induced crack healing (MICH) in bricks, facilitated by bacteria
that precipitate calcium carbonate (CaCO3), represents a
promising self-healing approach to enhance the durability and
lifespan of masonry materials. In this process, bacteria such as
Bacillus subtilis are embedded within the brick matrix, where
they remain dormant until activated by environmental
moisture and nutrients. Upon activation, the bacteria
metabolize the available nutrients and produce calcium
carbonate, which fills microcracks, effectively “healing” the
material and restoring its mechanical properties.101 This self-
healing mechanism can reduce the need for external repairs
and maintenance, offering significant cost savings and
improved longevity. However, several limitations hinder the
widespread application of this approach. The rate of crack
healing is relatively slow, which could be problematic for large
cracks or when rapid restoration of structural integrity is
required. The bacteria’s activity is heavily reliant on specific
environmental conditions, such as moisture, temperature, and
nutrient availability, which may not be present in all locations
or during all seasons, limiting the geographical applicability of
this technology. Furthermore, MICH is primarily effective for
small cracks, typically a few microns to millimeters, and may
not adequately address larger structural damage.102 The long-
term viability of the bacteria is another concern, as they may
lose their functionality over time due to environmental
degradation or insufficient nutrient supply, potentially reducing
the self-healing efficacy as the brick ages. Additionally,
embedding bacteria within bricks increases the production
complexity and cost, potentially limiting the scalability of this
technology in commercial applications. Finally, while the
ecological impact of using bacteria in bricks is generally
considered positive, there may be concerns regarding
introducing non-native microorganisms into the environment,
raising potential regulatory issues. Despite these challenges,T
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MICH remains a promising avenue for improving the
sustainability and resilience of brick-based structures, especially
when combined with other complementary materials or
technologies for crack repair and prevention.103

The presence of mineral precipitates like calcite or healing
agents may slowly fill up the small fissures, which is one
mechanism of self-healing in brick mentioned in Figure 5; in
addition, certain bacteria added to the material of the brick can
help in self-healing through the formation of calcite or other
kinds of minerals which can close the crack.99

3.5. Thermal Sensing Brick. Smart multifunctional
material represents a potential advancement in technology in
the building sector to meet the need for thermal-energy
efficiency to attain mechanical performance standards and
environmental sustainability.104 In addition to providing
advanced data logging functions, the thermal sensing brick
can easily connect with current technologies, giving valuable
information for analysis and monitoring. Its rugged con-
struction and user-friendly design also made it an ideal choice
for various industrial and commercial applications. The
thermal sensing brick offers a reliable and effective solution
for thermal management needs because of its preciseness in
measuring and monitoring thermal changes. There are
different types of thermal sensing for various applications;
the sensing and image acquisition block is used to capture
images and acquire data, the preprocessing and fusion block
works on the acquired images and data, and the communica-
tion block is used to transfer data between the sensor brick and
the remote host computer. Finally, the power block maintains
the power supply for the entire brick. The wall’s visibility was
superimposed with the thermal infrared images, which
captured the details and characteristics of the building wall

from various angles indicated in Figure 6. To verify the
effectiveness of infrared thermal imaging technology in

identifying wall damage after a disaster, collect images from
the postearthquake site photos that indicated various building
types at the earthquake emergency rescue base.105

4. FABRICATION OF SMART BRICKS USING 3D
PRINTING

Building construction uses bricks for several reasons, such as
soundproofing, strength, and durability. The construction field
has different types of bricks, as illustrated in Figure 7A. In
contrast, concrete bricks offer excellent durability and
consistency, while traditional clay bricks are utilized in
residential and commercial buildings.106 While engineering
bricks offer low water absorption and high density, fly ash
bricks are lightweight and eco-friendly.107 Bricks constructed

Figure 4. Crack detection of bright bricks. (a) Cracked wall contains smart bricks with sensors. (b) Determination of crack orientation, Reprinted
with permission from ref 98. Copyright 2018, John Wiley & Sons.

Figure 5. Self-healing mechanism working flowchart in smart bricks.

Figure 6. Thermal infrared image of window damages. (A) Visible
image of wall. (B) Thermal infrared image of wall. Reprinted with
permission from ref 105. Copyright 2020, MDPI.
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from sand lime provide soundproofing and a smooth
surface.108 Three-dimensional printed bright bricks are an
essential advancement in environmentally friendly construction
methods. The utilization of 3D printing technology in
construction has a chance to enhance the sustainability of
building construction significantly. It is currently possible to
construct houses using materials whose life cycle has been
evaluated, which helps to protect the environment. One of the
significant strengths of architects is their capability to develop
complex structures. In the construction industry, this method
has several advantages, it may build complicated geometries
that are impossible with standard technologies and enhance
design flexibility and material efficiency.109 Additionally, it
prevents excessive material use, reduces building time and
expense, and improves safety by lowering the need for physical
labor in hazardous areas. Technology can entirely change the
construction sector and make it more adaptable, efficient, and
sustainable as it develops.110 Additive manufacturing helps
lower injury rates and fatalities at work sites, as printers can
handle many risky tasks. Today, the growth in the size and
scale of structures impacts surface conditions, enhances land
use, and threatens water availability.111 The present additive
manufacturing techniques are compatible with advanced
sensor manufacturing for smart bricks, and they are promising
for intricate brick production with numerous designs. Soil
debris, concrete-based masonry, and clay-based masonry are
the most common types of trash produced from building
sector waste.112 The “smart bricks” are notably extensively
used, and depending on the situation, they could allude to
many technologies or ideas, depending on the context, each
offering numerous benefits, as shown in Figure 7B. The
conventional method of fabricating smart bricks in building
materials and brick employs several drawbacks, and the
intelligent bricks are suppressed with many sensors, con-
nectivity, and intelligent features that are incredibly costly to
produce and install.113 The use of sensors and electronic
constituents in smart brick needs regular maintenance, and to
check that they work correctly, there is any wrong or failure for
these elements, which could result in extra maintenance costs
and inconvenience. Building-connected materials and smart
bricks face cybersecurity risks because these systems could be
dangerous to hacking if they are not adequately secured. This
may result in privacy violations or interfere with intelligent
functions. The hybrid technology of smart bricks demands
regular support, updates, or possibly replacement over time,

and because of the need for energy to operate their integrated
technologies containing sensors and illumination, many smart
bricks utilize alternative energy sources. Reliance on energy
sources could significantly create barriers to resilience and
sustainability when the power supply is disrupted. They could
also require complex installation processes to impact the
environment negatively, leading to problems in compatibility
with traditional building methods.114,115

3D printing is more effective than traditional manufacturing
methods; engineers and designers can quickly iterate and
improve their designs by changing them into physical models,
which increases the process of creating a new product.
Conventional subtractive production techniques generate
waste material; using 3D printing, minimal waste occurs
because the material is dropped layer-by-layer, and the
development can be performed quickly and cost-effectively.116

The structural flexibility of additive manufacturing makes it
feasible to develop intricate designs and complex shapes,
making it easier to incorporate electrical parts into the brick
structure seamlessly. The value of the brick is enhanced by the
ability to place the sensor directly during the process of
printing, which allows for continuous monitoring and
collection of data. During the production process, 3D printing
enables the inclusion of sensors and electronic components
right into the structures of bricks, improving the brick’s “smart”
abilities. The methodology of 3D printing involves metic-
ulously constructing buildings one layer at a time. This method
provides exact control and can produce bright bricks with
improved structural qualities, increasing their durability and
robustness.117 Similarly, the shape memory effect (SME)
explains in 4D printing the ability of a material that has been
significantly and quasi-plastically predeformed to return to its
original form after applying a suitable stimulus.118 SME can be
observed in metal alloys such as nitinol and several polymers.
Numerous stimuli, including direct or indirect heating or
cooling; exposure to light (photoresponsive) without causing
significant temperature changes; chemical agents (chemo-
responsive), such as water, moisture, or pH shifts; or
mechanical stress (mechano-responsive), among others, may
trigger this shape recovery.119 Zang et al. demonstrate that the
materials that respond to water or moisture are fascinating due
to their wide variety of applications and ubiquitous stimulation.
For example, hydrogels have exceptional moisture response
due to their hydrophilicity, allowing them to expand up to
200% of their initial volume.

Figure 7. (A) Schematic illustration of types of intelligent bricks, use, composition, shape, and manufacturing of commercial bricks. (B) Merits of
incorporating smart bricks.
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Additionally, hydrogels, as a class of polymer materials,
exhibit excellent printability, providing features such as
biocompatibility and simplicity in printing through direct ink
writing.120 Piezoelectric materials are an essential category of
innovative materials with widespread application. They can
generate electrical charge or voltage in response to external
stress and vice versa.121 Similarly, Fremond and Miyazaki et al.
demonstrate a different type of intelligent material known as
shape memory alloys (SMAs) displays the shape memory
effect (SME), which is the direct conversion of thermal energy
into mechanical work. The transition between low- and high-
temperature phases, two distinct crystalline phases in SMAs,
increases SME. Super elasticity, the capacity of the alloy to
display an essential recoverable strain during loading and
unloading, is another notable characteristic of SMAs; in
comparison to SME, where variations in Temperature cause
reversible martensitic phase transformation, the stage trans-
formation in super elasticity is a result of mechanical
processes.122 Nickel−titanium (NiTi) SMA is a perfect
instance of an SMA that contains both super elasticity
(mechanical memory) and SME (thermal memory). Because
of its excellent functional features, NiTi SMA has become
popular in engineering applications.123

The most widely used method in 3D printing of intelligent
brick is fused fragment fabrication (FFF), one of the most
popular, inexpensive, and user-friendly methods. FFF 3D
printer is accessible to anybody with computer-aided design
(CAD) knowledge, and the method can be used to create high-
quality, functionally engineered parts and prototypes. The
fabrication process of this method includes spooling, and the
thermoplastic filament is fed into the 3D printer and then
melted under controlled conditions. The filament is extruded
into the build system. It is built layer-by-layer, and the build
system is increased after each layer is placed, producing a 3D
structure. Each layer is placed, cools down, solidifies, and
ensures the material adheres to the previous one. Usually, the
printed item will be removed from the build platform and let
cool down.124,125 The common FFF material includes
Poly(lactic acid) (PLA), Acrylonitrile butadiene styrene
(ABS), Polyamide 6 (PA 6, Nylon-6), Polycarbonate and
thermoplastic polyurethane (TPU). PLA is the most conven-
tional printed material in FFF technology, but PLA cannot be
applied to structural applications because it shows a highly
brittle nature. Using PLA filament, Vaghasiya et al.
demonstrate that the inclusion of 3D printed electrochemical
devices filled into the inside of the construction brick is a
creative concept that illustrates that electrochemical energy
storage could be easily integrated into the basic structure of a
home. Researchers print supercapacitor electrodes by the 3D
printer using affordable Graphene/Poly(lactic acid) (PLA
filament) to improve capacitive performance, as demonstrated
in Table 4; this 3D printed electrodes are coated with
electroplating of Ti3C2 polypyrrole (PPy) and demonstrate
exceptional electrical conductivity, high energy density,
capacitive performance, and cycle life. Furthermore, the bricks
themselves provide enormous underutilized thermal insulation
spaces, electrical insulation, and fire resistance, thereby
providing a suitable scaffold for the electrochemical energy
system, and the integration of sophisticated energy storage into
the fabric of building material is carried out seamlessly.126

Another method used for the fabrication of 3D printing is
known as the Direct Ink Writing method; it allows the exact
and precise deposition of substance to produce a three-

dimensional structure and is comparable to a typical 3D
printer; the melted filament is applied layer-by-layer through a
nozzle to extrude a viscous ink or paste in DIW.130 By this
method, Bolin et al. describe that the 3D Nanosheet has
excellent potential for utilization in electrochemical energy
storage because of the distinctive electronic structure and
geometric features of layered 3D Nanosheet. The material
possesses an exceptionally high specific surface area, excellent
electron migration rate, and incredible structural stability.
Recent advancements in 3D printing technology, particularly
in ink direct writing, have greatly improved microstructure
devices’ design and control accuracy. This article aims to create
a solid capacitor with a flexible design using 3D Graphene and
3D MXene nanosheets, which serve as active materials due to
their high specific capacitance discussed in Table 4. In this
literature, additive manufacturing technology can create stable
and readily dispersed slurry or ink using various 3D Nanosheet
powder components. Typically, a potential 3D design and
colloidal 2D nanosheet solution are employed to initiate the
3D printing process, and a mixed ink is then formulated to
enable the printing of specific shapes based on a predetermined
design. In this work, they enhance the 3D printing of flexible
supercapacitor electrodes by applying the DIW method and
exploring three different electrode types: interdigital electro-
des, multilayer skeleton electrodes, and fibers.129

Electron beam melting (EBM) AM is another method to
fabricate intelligent parts. Sensors can be easily integrated into
structures while preserving the integrity and functionality of
their structures. This embedding property effectively enables
end users to monitor crucial sections, like extreme temper-
atures and pressures. This technique encompasses sensor
functionality characterization through the EBM AM produc-
tion process. EBM is a powder bed fusion AM technique
widely used to manufacture metallic parts utilizing an electron
beam and precursor powder.131 Piezoelectric ceramic materials
show the potential to work as pressure sensors in dynamic
loading situations. Because they can generate an electric charge
when exposed to force or contrast to apply force when an
electric charge is induced.132

The integration of creativity and advances in the area of
modern architecture resulted in the rise of a revolutionary
approach called 3D printing of intelligent bricks, and the
materials used in the bricks convert the static components to
dynamic supports in the frameworks of construction via the
incorporation of intelligent features and structural integrity.
Compared to conventional substrates for construction, the
materials used in the 3D printing of intelligent bricks are

Table 4. Various Materials with Their Properties and
Temperature for Smart Brick Applications

Sl
No Material Properties Temperature Reference

1 Graphene/
Polylactic acid

Good capacitance
performance

220 °C 126

2 Alkali − Activated
materials(AAMs)

Quick setting time
and faster strength
growth

20 °C 127

3 Graphene
Nanoplatelets

Improved
multifunctional
characteristics

− 128

4 3D Graphene
Nanosheet

Excellent specific
capacitance

− 129

5 3D MXene Enhance the rate of
utilization of
surface-active sites.

180 °C 129
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various novel substances that cater to the printing process and
final structures based on their specific needs.133

One of the most common polymeric ingredients that are
readily available, biodegradable, low-cost, and nontoxic is
Poly(lactic acid) (PLA); this material can be readily reshaped
and reformed because of its thermoplastic properties and poor
melting point, so it is a good choice for Fused Filament
Fabrication (FFF), an adaptable 3D printing process. The
graphene PLA filament used in 3D printing provides improved
structural integrity, and when graphene is combined with PLA,
the filament has better electrical conductivity.134 The second
material is Alkali-Activated material (AAMs), which is an
environmentally friendly material; it became one of the key
benefits of using the 3D printing technique by using industrial
products like fly ash or slag, diminishing the need for
traditional production of cement and carbon footprint
associated with construction operations. Alkali-activated
materials showcase outstanding mechanical qualities and
endurance, rendering these materials suited for structural
components having excellent strength and resilience.135 Other
materials used in the 3D printing of intelligent bricks are the
3D Nanosheet and 3D MXene. A notable advantage of using
3D Nanosheet and 3D MXene is to build a very accurate and
complex pattern. These materials can make lightweight and
robust elements according to their nanoscale size, and they are
mainly used in medical, aerospace, and automotive areas.136

The large-scale production of 3D-printed smart bricks faces
bottlenecks in material cost, production speed, dimensional
accuracy, and the integration of complex sensors and
electronics. High-performance materials such as conductive
composites, self-healing polymers, and phase-change materials
significantly increase costs compared to conventional con-
struction materials, while ensuring sustainability further
complicates material selection. Production speed is limited
by the layer-by-layer deposition process, which requires curing
time and precise material transitions, making multimaterial
printing for smart functionalities even slower. Dimensional
accuracy remains a challenge due to potential warping,
shrinkage, and interlayer bonding issues, necessitating
postprocessing steps like machining to meet industry
tolerances. Embedding fragile sensors and electronics, such
as fiber optics or thermal sensors, is difficult within an
automated printing process without compromising structural

integrity, often requiring hybrid approaches that increase
complexity and costs. Addressing these challenges requires
innovations in cost-effective printable composites, high-speed
robotic extrusion, AI-driven real-time monitoring for precision
control, and hybrid manufacturing techniques that integrate
sensors seamlessly, all of which are crucial for making 3D-
printed smart bricks viable for large-scale construction. Table 5
summarizes the trade-offs between 3D printing and traditional
methods for producing smart bricks, highlighting the strengths
and weaknesses of each approach in terms of cost, speed,
scalability, and functionality.

5. FUTURE SCOPE
The future scope of 3D-printed bright bricks presents a
multitude of promising advancements and applications that
have the potential to revolutionize the construction industry,
drive sustainability, and enhance urban development. These
innovations encompass the integration of multiple function-
alities, such as energy harvesting, self-repairing capabilities, and
improved thermal characteristics, paving the way for more
durable, efficient, and intelligent buildings. The advancements
in 3D printing technology, coupled with breakthroughs in
materials science, are expected to significantly impact how
structures are designed, built, and maintained. One of the most
compelling prospects for smart bricks is their potential for
energy harvesting. By directly incorporating solar panels or
thermoelectric generators into the bricks, buildings can
become more self-sufficient in meeting their energy needs.
This integration could reduce reliance on external power
sources, lower energy costs, and contribute to a building’s
sustainability. Additionally, energy-harvesting smart bricks can
be instrumental in developing net-zero energy buildings,
aligning with global efforts to combat climate change and
reduce carbon footprints.
Another critical aspect of smart bricks is their self-repairing

capabilities. Advances in materials science have led to the
development of self-healing materials that can autonomously
repair minor cracks and damages. By integrating these
materials into smart bricks, the lifespan and durability of
buildings can be significantly enhanced. This self-repairing
feature reduces maintenance costs and ensures the structural
integrity of buildings over time, making them safer and more
reliable. Improved thermal characteristics of smart bricks

Table 5. Comparison of 3D Printing and Traditional Brick Manufacturing for Smart Brick Production in Terms of Cost-
Effectiveness and Scalability

Factor 3D Printing Traditional Methods

Cost-
Effectiveness

High initial investment in printers, materials, and software; cost per unit can be
high due to use of advanced materials (e.g., conductive composites, self-
healing agents)

Lower cost for mass production; low material costs; economies
of scale make it cost-effective for large volumes

Material
Flexibility

High material flexibility, enabling customization with smart features like
sensors, self-healing mechanisms, and thermal regulation

Limited flexibility; embedding smart functionalities requires
additional postproduction steps, increasing cost

Production
Speed

Relatively slow, with time-consuming layer-by-layer deposition, especially for
multimaterial or embedded sensor printing

Fast production with established, high-speed molding/
extrusion processes, suitable for large-scale outputs

Dimensional
Accuracy

High precision for complex designs, but accuracy may be affected by warping,
shrinkage, and interlayer bonding

High consistency and accuracy, especially for standard brick
shapes, with fewer dimensional issues

Scalability Faces challenges in scaling due to slower print speeds and the complexity of
multimaterial integration; ideal for custom or small-scale production

Highly scalable for mass production with well-established
supply chains and production facilities

Customization Excellent for custom designs, specialized shapes, and integration of advanced
functionalities

Limited customization typically focuses on standardized
designs with some potential for postproduction modifications

Post-Processing Minimal postprocessing is required for custom designs; however, embedding
electronics or sensors postprinting can add complexity

Significant postprocessing is required for adding smart features,
such as embedding sensors or coatings, which increase time
and cost

Labor Cost Potentially lower due to automation, but higher costs for skilled labor to
operate and maintain the printers

Low labor costs, as processes are highly automated and widely
practiced

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04943
ACS Omega 2025, 10, 22305−22322

22317

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


represent another area of significant advancement. Bricks with
enhanced thermal insulation properties can help maintain
optimal indoor temperatures, reducing the need for extensive
heating and cooling systems. This energy efficiency contributes
to lower utility bills and a reduced environmental impact,
promoting more sustainable living environments. Incorporat-
ing phase-change materials, for example, can store and release
thermal energy, further optimizing the energy performance of
buildings.
The use of 3D-printed smart bricks is poised to accelerate

construction projects, particularly in remote or disaster-
stricken areas where traditional building methods may be
impractical. For instance, in remote areas with limited access to
construction materials, 3D-printed smart bricks can be used to
build emergency shelters quickly. In disaster-stricken areas,
these bricks can be used to construct temporary housing that is
both durable and quickly assembled. The ability to rapidly
produce and assemble customized bricks on-site can expedite
the construction of emergency shelters, housing, and infra-
structure. This flexibility in design and production allows for
innovative architectural solutions that adapt to specific needs
and challenges, fostering resilience in vulnerable communities.
Smart bricks also open up new possibilities for automation and
connectivity in smart cities and homes. By embedding sensors
and IoT technology within the bricks, real-time monitoring
and control of building systems such as lighting, heating, and
security become feasible. This connectivity enhances the
responsiveness and efficiency of smart homes, providing
occupants with greater comfort and convenience.
Additionally, the data collected by these sensors can offer

valuable insights into structural health, environmental con-
ditions, and energy usage, informing maintenance strategies
and optimizing building performance. Advancements in 3D
printing technology and materials science are central to the
continued evolution of smart bricks. Developing innovative
materials with superior properties, such as greater strength,
flexibility, and environmental sustainability, will enhance the
performance and applicability of smart bricks. Furthermore,
improvements in 3D printing techniques, such as increased
printing speeds and precision, will enable the mass production
of high-quality smart bricks, making them more accessible and
cost-effective. In conclusion, integrating smart technology and
3D printing in developing smart bricks holds immense
potential for transforming the construction industry. These
advancements promise to drive significant progress in building
techniques, sustainability, and urban development. By
harnessing the capabilities of smart bricks, we can look
forward to a future where buildings are more efficient, resilient,
and responsive to the needs of their occupants and the
environment. This field’s continued exploration and innovation
will undoubtedly lead to even more groundbreaking
applications, paving the way for smarter and more sustainable
built environments.

6. CONCLUSION
The growth of 3D printing technology has significantly
improved smart brick production, giving unprecedented
possibilities and innovative approaches. 3D printing plays a
crucial role in producing smart bricks, allowing for the rapid
and cost-effective creation of complex brick designs. According
to technological and material science developments, multi-
functional sensing devices were developed, providing intelli-
gent techniques for monitoring occupant safety and con-

tinuously analyzing civil constructions throughout their life. A
real-time structural health monitoring technology can be set up
to access structural performance. Bright bricks are made up of
coated stainless steel fibers and have been applied in many
industries to gather in situ data on environmental conditions
such as stress, moisture, tilt, force, and Temperature. Using
wireless communication links, sensors, and signal processors
embedded within them, these bricks operate as vigilant
guardians, capable of detecting pressure and damage beneath
the surface. Sensors measure force, stress, moisture, chemicals,
humidity, and sound. In addition, they are attached to walls to
monitor temperature, vibration, and motion. Additive
manufacturing has developed into remarkable inventions that
act as a platform for the manufacturing process, which
originated from layer-by-layer creation with Computer-aided
design (CAD) designs. This technology reduces the require-
ment for physical labor, and shorter timelines for construction
can be accomplished. Architects and designers make buildings
with any design without any traditional constraints.
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