Journal Publication of International Research for Engineering and Management (JOIREM)

Volume: 10 Issue: 11 | Nov-2024

The Use of Smart Materials in Building Design

Akanksha Talmalel, Ar. Minakshi Rajput Singh?2

1 Amity School of Architecture & Planning, Amity University, Chhattisgarh
2Associate Professor, Amity School of Architecture & Planning, Amity University, Chhattisgarh

Abstract - Smart building materials are revolutionizing
architectural design by making structures more sustainable,
functional, and adaptable. This study delves into innovative
materials like bio-concrete, smart windows, and hygromorphic
composites, exploring their unique applications and the
challenges they face. Bio-concrete uses bacteria to self-heal
cracks, cutting down on maintenance needs and environmental
impact. Smart windows, with thermochromic and
electrochromic technologies, adjust to light and heat levels,
boosting energy efficiency. Inspired by nature, hygromorphic
materials respond to humidity changes, creating adaptive and
dynamic facades. While issues like cost, durability, and
integration remain, these materials hold immense promise for
greener, smarter buildings. The research underscores the
importance of collaboration and innovation in advancing these
technologies for a more energy-efficient and sustainable future.
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1. INTRODUCTION

Smart building materials are advanced, high-tech materials
specifically designed to enhance the performance and
efficiency of buildings. (P & T, 2024)

Smart materials are specially engineered materials that can
produce a distinct and advantageous response when there is a
specific change in their surrounding environment. (Mohamed,
2017)

In architectural terms, smart materials are advanced
technological materials that respond intelligently to changes in
climate across different seasons, such as summer and winter.
Whether the environment is hot or cold, they adjust to meet
human comfort needs. The term "smart materials" applies to
materials and systems that can react responsively to shifts in
indoor environments through their properties or composition.

Smart materials are viewed as a natural progression in
material development, aiming for more specialized and
selective performance. Similar to living organisms, these
materials can both sense and react to environmental changes,
adapting accordingly. In essence, smart materials can modify
themselves in response to external stimuli or generate a signal
when exposed to such stimuli. By incorporating smart
materials, systems that typically require separate structural,
sensing, and actuating components can now achieve these
functions within a single component, thus reducing the
system's size and complexity. However, smart materials

generally function as part of a larger system rather than
replacing it entirely. This innovation allows architects to select
or design high-performance materials tailored to specific
needs. (Mohamed, 2017)
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Fig -1.1: Construction Material Layout (Mohamed, 2017)

1.1. EVOLUTION OF SMART MATERIALS

Smart materials have grown dramatically over time, driven
by technological improvements and a better knowledge of
material characteristics. Smart and green construction
materials are becoming increasingly popular, thanks to rising
environmental awareness, technological advancements, and
green certifications. The shift toward sustainable construction
methods and eco-friendly materials reflects rising customer
demand for energy-efficient and cost-effective solutions in
residential and commercial projects. Consumers choose
materials that have a low environmental impact and give long-
term benefits, such as lower energy costs and carbon footprint.
Certifications like as LEED, BREEAM, and IGBC help to
assure project sustainability. (Mohamed, 2017)

High-performance materials have better properties that
make them stronger, more sustainable, and more lasting than
traditional materials. Wood, stone, and concrete have stood the
test of time and remain some of the most widely used building
materials, even after thousands of years. However, technical
breakthroughs have led in the creation of more sophisticated
materials in specific fields. These novel materials are critical
for changing the built environment and providing a greater
grasp of contemporary demands.(Dobrescu, 2021)

There is a growing trend to transition from traditional
building methods to innovative ones, which offer numerous

advantages:

e  Enhancing quality.
e Increasing durability over time.
e Achieving unique designs.

e Shortening construction time. (Dobrescu, 2021)
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1.2.THE ROLE OF SMART MATERIALS IN
BUILDING DESIGN

Smart materials play a crucial role in modern building
design, enhancing functionality, sustainability, and aesthetic
appeal.

Here are some key points regarding their significance:

e Enhanced Performance: Smart materials are designed
to respond dynamically to environmental changes,
improving energy efficiency and comfort within
buildings. They can adapt to temperature, light, and
humidity, which contributes to a more sustainable
architecture.

Integration with Traditional Materials: The evolution
of building materials has led to a blend of traditional
and smart materials. This combination allows
architects to maintain the aesthetic qualities of
traditional materials while benefiting from the
advanced properties of smart materials, such as
energy efficiency and multifunctionality.

e Multifunctionality: Smart materials can serve multiple
purposes, such as providing insulation, integrating
photovoltaic systems, and incorporating sensors for
monitoring  environmental  conditions.  This
multifunctionality is essential for creating smart
facades that protect against external factors while
enhancing energy performance.

e  Sustainability: The use of smart materials aligns with
sustainable development goals. They often include
renewable, non-toxic, and recyclable components,
which minimize environmental impact. This approach
supports the creation of buildings that are not only
resource-efficient but also responsive to the needs of
their occupants.

e Future Trends: As the demand for energy-efficient
and environmentally friendly buildings increases, the
role of smart materials will become even more
prominent. Architects will need to incorporate these
materials to meet evolving user requirements and
environmental standards, ensuring that buildings are
adaptable and sustainable over time.(Dobrescu, 2021)

2. SMART MATERIALS AND THEIR

PROPERTIES
2.1. BIO CONCRETE

Bio-concrete, often referred to as bacterial concrete, is an
innovative material that incorporates a self-healing agent into
traditional concrete, enabling it to repair cracks on its own.
This healing ingredient often comprises of certain
microorganisms that can improve the concrete's characteristics
and enable self-healing capabilities. Bio-concrete is inspired by
natural biological processes, specifically a technique known as
biomineralization, which enables the material to heal itself.
This method makes use of microorganisms that can precipitate

calcium carbonate, which serves as a binder and filler in the
concrete matrix. In bio-concrete, bacteria react with water and
unhydrated calcium to produce calcium hydroxide, which
plays a key role in repairing cracks. (Bashir, 2016)

This not only increases the strength and endurance of the
concrete, but also aids in the healing of fractures that may
emerge over time. This self-repairing process is critical to
increasing the life of concrete buildings.(Bashir, 2016)

Fig -2.1: Bio Concrete

Source: Regenerative architecture: bio-concrete from
invasive species

2.1.1 WHY BIO CONCRETE?

Concrete is prone to cracking, leading to corrosion and
weakened structural integrity. Traditional repairs, like epoxy
treatments, often release harmful fumes, posing risks to both
health and the environment. Bio concrete offers a sustainable
alternative with its self-healing mechanism that reduces cracks,
enhances durability, and minimizes environmental impact. It is
more resistant to corrosion, freeze-thaw cycles, and acidic
conditions, making it ideal for harsh environments.
Additionally, bio concrete reduces maintenance needs, cutting
long-term building upkeep costs. (Varma and Sekhar, 2018)

Traditional concrete production generates significant
CO2, driving climate change. Bio concrete offers a greener
alternative by absorbing CO2 over its lifecycle, thanks to
bacterial activity that produces stable calcium carbonate for
long-term carbon storage. This makes bio concrete a valuable
tool in sustainable architecture, helping to reduce greenhouse
gas emissions and the construction industry's environmental
impact. (Pinto et al. 2021)

2.1.2. BIO MINERALIZATION PROCESS IN
BIO CONCRETE

The bio mineralization process in bio concrete is an
exciting technology that employs microorganisms to increase
the self-healing properties of the concrete. This process
consists of a succession of biological activities that culminate
in the formation of calcium carbonate, which is required for
fracture closure. The following are the key processes and
responses in this process.

e Dormant Bacteria Activation: The process starts when
dormant bacteria in the concrete mix come into
contact with water and oxygen. This activation is
essential for starting the metabolic pathways
necessary for bio mineralization.
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e Calcium Lactate Metabolism: Once active, the
bacteria use calcium lactate as a source of sustenance.
The reaction can be described as follows. [Ca2+ +
Cell — Cell-Ca2+] This process generates the
calcium ions necessary for the formation of calcium
carbonate.

e Formation of Carbonate Ions: Bacteria convert
bicarbonate ions (HCO3-) to carbonate ions (CO32-),
required for calcium carbonate precipitation. This is
stated as: [Cl- + HCO3- + NH3 — NH4CI + CO32-].
The reaction with calcium ions requires an increase in
carbonate ions.

e Calcium Carbonate Precipitation: The bio
mineralization process ends with the formation of
calcium carbonate (CaCO3) crystals, which occur
when calcium ions react with carbonate ions. The
response is as follows. [Ca2- + CO3- — CaCO3] This
precipitation produces the formation of limestone
crystals, which effectively fill fractures in the
concrete, sealing them and restoring structural
strength.

To conclude, the bio mineralization process in bio
concrete entails activating dormant bacteria, metabolizing
calcium lactate, producing carbonate ions, and precipitating
calcium carbonate. This new method not only enhances
concrete's self-healing capabilities, but it also extends its
overall durability and longevity. (Pinto et al. 2021)
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Fig -2.1: Biominerlization

2.2. SMART WINDOWS

Smart windows, commonly designated as dynamic
glazing, represent a significant advancement in architectural
technology aimed at enhancing energy efficiency and the
comfort of building occupants. These innovative windows are
designed to automatically adjust their energy and light
transmission properties in response to external environmental
conditions and user specifications. The capacity of intelligent
glazing systems to modify their optical characteristics in
reaction to variations in environmental conditions plays a
significant role in enhancing the comfort of indoor settings.
This encompasses the regulation of glare, the distribution of
natural light, and thermal comfort, factors that are essential for
the well-being of occupants. The integration of advanced
window systems into both newly constructed buildings and the
renovation of existing structures is pivotal for maximizing
energy efficiency and improving environmental comfort.
These systems possess the capability to adjust to diverse

advantageous in climates that undergo pronounced seasonal
variations. (Casini, 2015)

Fig -2.3: Smart window

Smart windows can be classified according to their
operational mechanisms for the modulation of light and
thermal energy. The two principal categories examined in this
discourse are thermochromic windows (TCWs) and
electrochromic windows (ECWs). Here, we provide a detailed
examination of each category:

2.2.1. THERMOCHROMIC WINDOWS
(TCWs)
Thermochromic windows represent a cutting-edge

category of intelligent glazing technology, meticulously
engineered to optimize energy efficiency within architectural
structures through the adaptive modification of their optical
characteristics in reaction to variations in temperature.

This capability enables them to control the volume of solar
radiation that permeates a structure, consequently enhancing
energy efficiency and indoor thermal comfort.(Wu et al., 2023)

2.2.2. ELECTROCHROMIC
(ECWs)

WINDOWS

Electrochromic windows (ECWs) represent advanced
materials that possess the capability to alter their colour and
transparency contingent upon the application of an electrical
voltage. Electrochromic windows (ECWs) are specifically
engineered to modulate the quantity of luminous energy and
thermal radiation that penetrates a structure. They accomplish
this by undergoing reversible chromatic alterations via redox
reactions upon the application of an external voltage. This
capacity enables them to transition between tinted and
transparent states, thereby facilitating dynamic regulation of
solar irradiance and improving indoor thermal comfort.(Wu et
al., 2023)

2.3. HYGROMORPHIC MATERIALS

Hygromorphic materials constitute a distinctive category
of active materials that exhibit a responsive alteration in shape
in reaction to variations in ambient moisture levels. In essence,
a surge in relative humidity (RH) leads to a swelling response
in these materials, whereas a decline in RH facilitates
shrinkage as water evaporates. This inherent characteristic
enables these materials to function as passive actuators,
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facilitating the dynamic transformation of mechanical systems
without reliance on external energy sources. (Birch, 2021)
Hygromorphic materials are innovative substances that
respond to changes in moisture, inspired by nature, like how
pine cone scales open and close with humidity. These materials
typically combine active wood layers and flexible passive
layers, allowing them to adapt to humidity shifts effectively. In
architecture, they hold great potential for adaptive building
designs. For example, they can improve ventilation in hot, dry
climates or fold to create watertight surfaces during rain.
Choosing the right materials for active and passive layers is
key to their performance, with sustainable options reducing
environmental impact. While still in development,
hygromorphic materials aim to create building facades that
respond to their environment, offering sustainability,
functionality, and aesthetic appeal. (Holstov et al., n.d.)

2.4. CHALLENGES AND LIMITATIONS

2.4.1. BIO CONCRETE

e Bacterial Activation: Self-healing depends on
bacteria activating in cracks, which may fail without
enough moisture or nutrients.

e Long-Term Viability: Bacteria can survive for
centuries, but extreme conditions might reduce their
effectiveness over time.

e Material Compatibility: Ensuring bacteria work well
with traditional concrete components requires further
study.

e High Initial Costs: Upfront costs are higher than
regular concrete, which may limit adoption in
budget-sensitive projects.

e Regulation Gaps: Building codes and standards don’t
yet fully account for bio concrete, slowing its
acceptance.

e  Environmental Impact: While greener than epoxy, its
sustainability needs deeper evaluation to ensure
minimal ecological harm.

2.4.2. SMART WINDOWS

e Material Stability: TCWs and ECWs face issues like
deformation in hydrogels and wear over repeated
cycles, impacting durability.

e Performance Limitations: Current models struggle
with effective light and heat control, and often have
narrow ranges between their clearest and darkest
states.

e  Activation Limits: TCWs might not always get warm
enough to reduce glare effectively, while ECWs can
take several minutes to adjust, particularly in warmer
climates.

e High Costs: Materials and manufacturing remain
expensive, limiting large-scale use despite
advancements in nanotechnology.

e System Integration: Seamless incorporation into
existing  building  systems requires  closer
collaboration between material science and
architectural design.

e  Environmental Factors: Performance varies based on
outdoor conditions, facade adaptability, and indoor
settings, affecting energy savings and comfort.

2.4.3. HYGROMORPHIC MATERIALS

e Moisture Sensitivity: Hygromorphic  materials
respond mainly to humidity changes, not
temperature. This specificity requires careful design
in systems like double-skin fagades, where both
factors vary.

e Limited Force Output: While these materials can lift
significant weights, their force may fall short for
heavy architectural applications, demanding precise
engineering to meet load requirements.

e Durability Challenges: Environmental factors, like
low humidity, can affect long-term performance,
causing cracking or detachment. Ensuring reliability
under diverse conditions is a key hurdle.

e Layering Complexity: Adding layers can improve
performance but also complicates fabrication and
doesn't always guarantee proportional benefits,
requiring careful optimization.

e System Integration:  Adapting  hygromorphic
materials into existing systems is tricky, needing
innovative approaches to ensure compatibility with
current technologies and materials.

In summary, while bio-concrete, smart windows, and
hygromorphic materials offer exciting potential, they all face
significant challenges. Bio-concrete’s self-healing relies on
bacteria activation, which can be impacted by environmental
factors, and its long-term durability and high costs are
concerns. Smart windows, such as TCWs and ECWs, struggle
with slow response times, limited light control, and
integration issues, while also being costly. Hygromorphic
materials, though promising in force output and moisture
sensitivity, may not meet the demands of heavy applications
and require complex layering and integration. Addressing
these challenges is crucial for their wider adoption in
construction.

3. CONCLUSIONS

Smart materials have the power to transform architecture by
making buildings more functional, responsive to their
environment, and sustainable. This research explores
innovative materials like bio-concrete, smart windows, and
hygromorphic composites, while also addressing the
challenges they face.

Bio-concrete: Uses bacteria to self-heal cracks, enhancing
durability and reducing maintenance.

Smart Windows: Incorporate technologies like thermochromic
and electrochromic coatings to improve energy efficiency and
comfort by adjusting to light and heat.
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Hygromorphic Materials: Inspired by nature, these materials
respond passively to humidity changes, leading to sustainable,
adaptive facades.

While these materials offer significant benefits, they also
encounter challenges, such as environmental conditions for
bio-concrete, cost and durability for smart windows, and
mechanical limitations for hygromorphic materials.

Despite these hurdles, smart materials significantly enhance
energy efficiency, adaptability, and sustainability in building
practices. Future success will depend on interdisciplinary
collaboration, advances in material science, cost reduction
strategies, and supportive regulations. Increasing awareness
and expertise among architects and engineers is also crucial.

In essence, smart materials provide an opportunity to redefine
architecture by merging innovation with sustainability,
promising a future of resilient, energy-efficient, and adaptive
buildings.
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