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ABSTRACT

The building facade has transformed from a passive protective envelope into an active environmental interface that
directly impacts energy performance, sustainability, and architectural expression. This research responds to
contemporary environmental and technological developments, focusing on material-driven innovations and examining
how Innovative materials enhances building’s envelope performance.

Through a qualitative and analytical methodology, the study systematically categorizes innovative materials into four
distinct categories : glass and transparent materials, concrete-based materials, composite materials and advanced
ceramic/terracotta surfaces.

Each category is examined according to core performance parameters, while evaluating the balance between structural
potential with architectural constraints.

This research ultimately provides a comprehensive technical guide for creating sustainable and high-performance
building skins.

KEYWORDS:
Innovative materials, Facade design, Sustainable architecture, Smart materials, Additive manufacturing, Climate

responsive design, Energy efficiency, High performance materials.

AlIM:

To investigate emerging and innovative facade materials used in contemporary architecture.

OBJECTIVES :

1.To identify innovative facade materials used in contemporary architecture.

2.To analyze the material and performance characteristics of selected innovative facade materials.

3.To study materials through case examples of iconic buildings where innovative materials are successfully applied.
4.To evaluate the architectural significance and innovation of these materials in facade design.

SCOPE:

1.The research provides a comparative understanding of different innovative facade materials and their potential

contribution to sustainable building envelopes.
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2.Selected materials are analyzed in terms of composition, working mechanism, performance characteristics, innovation
aspects, applications, and limitations.
3.The research offers a category-wise understanding of innovative facade materials and their application in building
envelopes.
4.
LIMITATION:
1.The investigation is confined to assessing and grouping innovative materials across four areas: glass and transparent
systems, concrete-based mixes, composite materials, and advanced ceramic and terracotta surfaces.
2.Due to word limits, it couldn't cover all the emerging materials in the global market.
3.The analytical depth is focused on the material level of the building skin, rather than deep structural setups, joinery
detailing, or interior building energy simulations.
4.Climatic performance may vary depending on geographical location; however, the study does not conduct region-

specific climate simulations.

INTRODUCTION :

The building facade (Building's protective skin) has evolved from a static envelope into an active environmental
interface influences buildings energy performance and structural efficiency, driven by contemporary environmental
challenges and rapid technological changes, modern architecture demands high-performance building material that
actively interact with external environments.

This research explores material-driven innovations where performance is enhanced through intrinsic composition,
structure, and other parameters, completely eliminating the need for complex and heavy mechanical / kinetic systems.
By shifting the focus onto the material itself, the design process bridges the gap between aesthetics and advanced
engineering.

The investigation evaluates advanced materials across four distinct categories i.e. glass and transparent materials,
concrete-based materials, composite materials and terracotta or ceramic based materials. Each category is examined
strictly through parameters, specifically focusing on how their physical properties, structure, composition, applications
of materials and case eg. Followed by limitations and how do they contribute to lightweight structural design and passive

climatic responsiveness under varying environmental conditions.

MATERIAL STUDY -

1. GLASS AND TRANSPARENT MATERIALS

1.1 SELF CLEANING GLASS

Self-cleaning glass is a type of glass which is coated in such a way that eliminates dirt and impurities present on the
surface, by the help of sunlight and rainwater.

It is a standard float glass that features a transparent coating of Titanium Dioxide (Ti O.), applied to its outer surface
during the manufacturing stage (while the glass is still hot via chemical vapor deposition). This nanotechnology-based
coating becomes a permanent part of the glass surface and does not affect its optical clarity or transparency.

This layer of titanium dioxide nano coating is extremely thin and transparent, measuring approximately 10 — 25
nanometers (nm) .

The self-cleaning property of the glass is achieved by two main processes:
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1. Photocatalysis (Sunlight Reaction)

The Titanium Dioxide nano-coating responds dynamically when exposed to ultraviolet (UV) radiation from sunlight.
This exposure triggers a chemical reaction on the surface of glass, that actively targets and breakdown organic
contaminants such as dust, grease, and environmental pollutants.

By breaking down the molecular bonds of this debris, the dirt loses its adhesive grip on the surface, turning into a loose
residue that can be effortlessly removed.

2. Hydrophilic Action (Rainwater flushing)

Unlike conventional glass surfaces which repel water, this specialized coating creates a highly hydrophilic or "water-
loving" surface. This physical transformation alters the surface tension, reducing the water contact angle to nearly zero
degrees. So, instead of rainwater forming individual beads and leaving mineral spots upon drying, it flattens instantly
into a smooth, continuous sheet like surface that flushes the pre-loosened dirt particles off the facade evenly.
Limitations —

The self-cleaning cycle depends a lot on natural weather conditions. It needs constant sunlight (UV radiation) to break
down dirt and regular rain to wash it away. If it's dry or in the shade, you might need to manually spray water for it to
work properly.

APPLICATIONS -

This kind of glass is really useful in modern buildings because they’re so high up and hard to access, dangerous and
expensive to clean windows manually. It is primarily utilized in tall corporate office buildings, airports terminals, large
span roofs or skylights etc.

But replacing standard glass with self cleaning glass, these big structures remain optically clear and look great with much
less effort over the long haul.

Self-cleaning glass is widely used in iconic buildings such as —

Large glass surfaces benefit from reduced maintenance and improved durability using self-cleaning coatings.- Heathrow

Airport Terminal 5

Journal of Emerging Trends and Novel Research (www.jetnr.org)



http://www.jetnr.org/

© 2026 JETNR | Volume 4, Issue 6 June 2026 | ISSN: 2984-9276 | JETNR.ORG

Curved glass facade utilizes advanced coatings to maintain aesthetic quality and minimize dirt accumulation - Sage
Gateshead, UK

1.2 THERMOCHROMIC GLASS

Thermochromic glass is a kind of passive smart glazing that changes how it lets in light based on temperature. To make
it, manufacturers laminate a special Polyvinyl Butyral (PVB) layer, which has temp-sensitive chemicals, between two
standard sheets of standard glass. This allows the glass to reacts to direct sunlight's heat with no need for electrical wiring

or controls systems.

How it works? Well, the clever bit is the auto-change thanks to a chemical switch triggered by heat. As the outside
temperature goes up, the glass gets darker, stopping some of that solar radiation to enter. Once the sun starts setting and
it gets cooler out there, the glass eases back into its see-through self, letting all that light come in.

This neat trick kicks in when the glass' surface temperature hits about 25 to 30 degrees Celsius. At that point, the inner
layer darkens and stays darker depending on how hot it gets. When things heat up to around 50 to 65 degrees Celsius,
the glass is fully opaque, blocking the most radiant heat.

Then, once the surface temperature drops back under 20 degrees Celsius, the glass naturally reverts to being super clear
again.

Limitations —

The system is totally passive, reacting only to temperature, not light intensity. So users can't adjust the tint for immediate

personal preferences.

APPLICATIONS -

For practical use, thermochromic glass focuses on managing intense solar heat and glare in building envelopes.

It is highly efficient in commercial curtain walls and office facades, eliminating workspace hotspots. Plus, it's fantastic
in large skylights, atriums, and domes, stopping heat build-up overhead. By using this glazing on south and west facing
walls, you turn those spots into climate shields, which help keep indoor temperature stable.

Thermochromic glass is widely used in iconic buildings such as —
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Uses smart glazing technologies for energy efficiency and environmental control — The Edge, Amsterdam

1.3 ETFE (ETHYLENE TETRAFLUOROETHYLENE)

ETFE is a lightweight (weighing only 1% to 3% of standard double-glazed glass units), fluorine-based plastic polymer
designed as a high-performance alternative to traditional structural glass. It is manufactured by extruding the raw resin
into incredibly thin, high-strength sheets or films, usually ranging between 100 to 300 micrometers in thickness.

In architecture, these films are either used as a single-layer membrane supported by a lightweight cable network or, more
commonly, when used in multi-layer cushion systems, an automated, low-energy inflation system continuously pumps
low-pressure air between the ETFE layers. This constant air pressure provides structural stability against heavy wind and
snow loads.

Optically, a single clear layer is highly transparent, allowing 90% to 95% of visible and UV light to pass through. To
manage this light dynamically, individual layers are printed with silver or ceramic (frits) patterns that block or allow
sunlight based on the inflation and deflation alignment of the cushions

ETFE has a very low coefficient of friction (non-porous chemical surface structure) dust or organic debris cannot stick
to the surface, allowing natural rainwater to completely wash away dirt.

Limitations —

Due to its super-thin membrane means it offers very low acoustic insulation. So, during heavy rain or hailstorms, you
hear lots of racket inside.

APPLICATIONS-

ETFE really shines in big buildings. Unlike traditional glass, which can be heavy, costly, and risky to use, ETFE works
great for large spans. It is mostly used in sports stadiums, transit hubs, botanical gardens, and entertainment venues.
Using inflated ETFE cushions lets architects make huge roofs and walls with minimal internal supports, this creates
spacious, sun-drenched, protected environments.

Some cool sports that use it include the Eden Project in Cornwall and Beijing National Stadium.
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ETFE is used to create large biomes with high light transmission and controlled internal climate, Eden project, UK

2. CONCRETE BASED MATERIALS

2.1 UHPC (ULTRA - HIGH PERFORMANCE CONCRETE)

UHPC is a relatively new class of concrete developed to provide extreme durability and strength compared to
conventional concrete. It is formulated by replacing coarse aggregates (like gravel or crushed stone) with a highly
optimized blend of fine quartz sand, silica fume, cement, and a high-range water reducer (superplasticizer) that allows
for an incredibly low water-to-cement ratio.

The exceptional performance of UHPC stems from its highly dense, non-porous microstructure. Structurally, it is
extraordinarily strong, achieving compressive strengths between 150MPa — 250MPa, nearly five to ten times that of
standard concrete on the other hand its internal fiber network gives it actual tensile and flexural strength.

UHPC have lifespan exceeding 75 to 100 years with nearly zero degradation from environmental weathering.
Limitations —

The specialized raw ingredients, high cement ratios, and advanced structural fibers make UHPC significantly more
expensive per cubic meter than conventional mixes.

APPLICATIONS -

The practical application of UHPC targets heavy structural engineering, marine infrastructure, and architectural design
where massive load capacities must be met with minimal material cross-sections.

Used for casting long-span bridge decks, seawalls, piers, drydocks (standard concrete would quickly suffer from
saltwater corrosion), Cast into ultra-thin cladding panels (only 15mm to 30mm thick) and highly intricate, delicate
perforated screens (Jaali’s)

Uses UHPC lattice facade panels providing strength and intricate design, Mu CEM (Museum of European and
Mediterranean Civilizations), France

2.2 3D PRINTED CONCRETE PANELS

3D printed concrete panels represent the integration of additive manufacturing with digital architecture. Instead of

pouring liquid of concrete into temporary timber or steel molds, panels are built layer-by-layer by an robotic arm extruder.
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The materials used is highly specialized, fine-aggregate cementitious mortar optimized with quick-setting additives,
silica fume, and liquid polymers.
This ensures the concrete flows fluidly through the 3D printer nozzle but hardens almost instantly to hold its shape and
support the layers printed on top of it. It can also create hollow, double-skinned panels with internal zig-zag or
honeycomb reinforcement structures. This keeps the panel incredibly lightweight while creating built-in air gaps that can
be filled with insulation material.
It provides unrestricted parametric freedom because the robotic arm can move along any complex path, every single
facade panel can have a completely unique, undulating, or organic wave pattern without increasing manufacturing costs.
It turns complex "parametric architecture” into an affordable reality.
Unlike Traditional precast facades require expensive, custom-made molds that generate massive timber or plastic waste,
especially for unique shapes. 3D printing concrete panels completely eliminates the need for molds and prints directly
from a digital CAD file with almost zero material waste.
Limitations —
To hold its shape without molds, the concrete needs to dry super fast. But this speed can lead to shrinking and tiny cracks
if temperature and humidity aren't just right during printing.
APPLICATIONS :
This type of concrete shines when you need unique, artistic designs for buildings — think panels with one-of-a-kind curves
or textures. It's awesome because it lets architects get creative without high mold costs. Plus, it works great for printing

those tricky, custom-shaped panels and complex joints.

One of the first fully functional 3D printed buildings demonstrating rapid construction technology, Office of future,
Dubai

2.3 GEOPOLYMER CONCRETE

Geopolymer concrete is a neat, eco-friendly option compared to traditional Portland cement concrete. Instead of using
ordinary Portland cement (OPC), which dumps a ton of carbon into the air, it uses industrial leftovers like fly ash from
coal plants or slag from steel mills. These contain silica and alumina, and they get mixed with an alkaline solution to
bind the aggregates together tightly.

One big perk? It doesn’t shrink as much as OPC when drying, which is a common issue with regular concrete. But the
real standout feature is how environmentally friendly geopolymer concrete is. By ditching the need for cement altogether,
it cuts down the carbon footprint of facade manufacturing by up to 80%. This makes it top choice for green building
certifications like LEED or GRIHA.

Another key benefit is its resilience to high temperatures. While regular concrete typically cracks and fails in fires,
geopolymer concrete keeps its strength even at around 1000°C. So, it's not just good for the planet, but it's also way safer
for protecting buildings in fiery conditions.
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Limitations —
The alkaline activator chemicals used in the mixing of byproducts are highly corrosive and dangerous to handle, requiring
strict factory safety protocols during casting.
APPLICATIONS:
Used as sustainable exterior cladding i.e. eco-friendly rainscreen panels for commercial and institutional buildings
aiming for carbon-neutral or net-zero green building certifications.
Ideal for facades on factories, chemical plants, and coastal facilities where the air is highly acidic, polluted, or salty, as

the material does not degrade in harsh environments.

Incorporates sustainable materials including geopolymer concrete, Global Change Institute Building, Australia

3. COMPOSITE MATERIALS

3.1 FRP (FIBER REINFORCED PANELS)

Fiber-Reinforced Polymer (FRP) panels are high-performance composite materials engineered by combining two distinct
structural components: high-strength fibers and a polymer resin matrix.

The fibers, which could be glass, carbon, or aramid, provide the bulk of the strength and stiffness needed. At the same
time, the polymer matrix, usually made from epoxy, polyester, or vinyl ester resin, holds everything together, shields the
fibers, and handles the structural loads.

This combination creates an incredibly tough material that achieves the strength of metals at a fraction of the weight.
Unlike Traditional cladding materials which is limited in size due to weight and shipping restrictions, requiring multiple
joints and sealants. On the contrary FRP is so light, it can be manufactured into massive, seamless panels (up to 15 meters
or longer) in a factory and shipped easily, creating a completely smooth, continuous building skin.

FRP provides unrivaled geometric flexibility, can be molded into any complex, three-dimensional, or fluid parametric
shape.

Limitations —

The binding matrix is made of polymer resins (plastics), raw FRP is inherently combustible. To meet strict building fire
codes, panels must be heavily treated with specialized fire-retardant additives during manufacturing.
APPLICATIONS :

Extensively used in complex parametric & Organic modern Facades, highly curved building envelopes where metal,

stone, or glass panels cannot be warped or molded easily.
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Ideal for hotels, airports, and luxury corporate headquarters built right on the coastline, where salt-laden air would

quickly degrade traditional metallic facades.

The fluid, wave-like architectural skin made possible by lightweight and custom-molded GFRP (Glass Fiber-Reinforced
Polymer) panels, Heydar Aliyev Center — Baku, Azerbaijan

3.2 GRFC (GLASS REINFORCED FIBER CONCRETE)

GRFC is a modern composite material created by combining two distinct components: Concrete (Matrix) and Glass
Fibers (Reinforcement). Instead of traditional concrete mixes, fine glass fibers are distributed throughout a high-strength
cement and sand matrix. These glass fibers perform the exact same function inside the thin panel that steel rebar does in
traditional concrete provides ultimate structural reinforcement.

Both Concrete and glass are inherently non-combustible materials, earning GRFC the highest fire safety rating available
(Class Al).

The presence of glass fibers stops the concrete from snapping under tension. This gives the panels immense flexural
strength, allowing them to easily withstand heavy external wind load pressures also prevents the formation of hair-line
cracks on the panel's surface over time(crack resistance).

Standard concrete panels are very thick (often 200mm) to prevent internal steel rebar from rusting but GRFC utilizes
rust-proof glass fibers, the panels can be exceptionally thin between 12mm and 25mm, reducing the overall weight by
up to 75%o.

Limitations —

The upfront investment is higher than standard concrete due to the cost of specialized Alkali-Resistant glass fibers and
complex production molds.

APPLICATIONS -

Extensively used to create intricate Jali work (perforated screens), geometric sun-shading screens for modern, cultural,
or institutional facades.

Ideal for manufacturing custom, three-dimensional corner panels, cornices, and complex facade features that mask

internal floor slabs and structural beams.
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Uses innovative facade panels with concrete-based composite materials, The Broad Museum — Los Angeles, USA

4. CERAMIC AND TERACOTTA BASED MATERIALS

4.1 3D PRINTED CERAMIC TILES:

3D-printed ceramic tiles are high-performance architectural cladding modules fabricated using automated additive
manufacturing. High-grade natural clay paste is extruded through a digitally guided robotic nozzle layer-by-layer to build
complex 3D shapes.

After printing, the tiles are dried slow-baked in high-temperature kilns exceeding 1100°C vitrifying the clay into an
exceptionally hard, weather-proof, and fire-resistant ceramic material.

3D printing operates directly from CAD software, allowing every single tile on a facade to have a completely unique,
customized, and non-repeating geometry at zero extra tooling cost. It prints hollow internal configurations and lattice
structures, which sharply cuts down raw material usage, prevents drying deformation, and reduces the dead weight of
the tiles for easier structural handling.

The innovation behind the 3D printed ceramic tiles is that they are made from traditional ceramic materials, which are
then produced using advanced digital fabrication techniques. This means that architects can now design complex tile
designs using customized tile designs.

It helps to reduce waste while creating efficient processes. This is because it merges craftsmanship with technology,
providing functionality and beauty. The innovation behind the 3D printed ceramic tiles is that it marks a new direction
in the development of ceramic-based materials.

APPLICATIONS -

Used across the entire upper envelope of mid-rise and high-rise buildings as an external weather shield.

3D-printed ceramic tiles are primarily applied as parametric boutique skins and overlapping shingle rainscreens on high-

end retail flagships and commercial high-rises.
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Inspired modern reinterpretations using digitally fabricated ceramic surfaces, The Ceramic House, Amsterdam

4.2 TERACOTTA BREEZE BLOCKS :

Terracotta Breeze Blocks are hollow, geometric masonry units manufactured from raw, high-grade natural clay. The clay
paste is compressed under heavy hydraulic pressure into intricate open-work molds and then vitrified in high-temperature
kilns. The result is a structurally rigid, load-bearing or decorative modular unit that features geometric perforations,
allowing light and air to pass directly through the material matrix.

Instead of acting as a solid, airtight barrier, a breeze block facade serves as a semi-transparent, breathable envelope. It
breaks the heavy wind load pressure while maintaining continuous, passive cross-ventilation throughout the building
perimeter.

As the sun moves throughout the day, the geometric openings project shifting parametric shadows into the interior
corridors and rooms, transforming the building skin into an ever-changing visual canvas. The thick clay profile absorbs
scorching daytime heat and delays its transfer into the building, naturally regulating the indoor micro-climate.

Because they are fired at extreme temperatures, these blocks possess excellent compressive strength, allowing them to
be stacked into multi-story self-supporting screens when tied to structural columns.

Limitations —

Because the screen is physically open to the elements, it cannot block street noise, dust, or heavy rain mist.
APPLICATIONS -

Installed as an independent outer curtain wall in front of glass windows to dramatically lower the building’s solar heat
gain.

Used to wrap around open balconies, fire exits, or central courtyards to provide privacy from the outside while keeping

the spaces breezy and connected to nature.
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Incorporates terracotta elements in facade for passive ventilation and shade from harsh sunlight, The Lantern- Hanoi,
Vietnam

Source: https://www.yellowtrace.com.au/breeze-block-architecture-trend/

FINDINGS AND RESEARCH

This section delivers a dual-performance comparative analysis based on the collected data. The analysis is structured

into two primary core matrices: Structural Weight Reduction (Table 1) and Passive Climatic Efficiency (Table 2).
These show how advanced material composition directly replaces the need for heavy structural engineering and active

mechanical systems.
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Structural Weight Reduction (Table 1)

] Weight Status VS. )
Material ) ] ] Main Structural
Thickness / Profile Conventional )
Name Benefit
Glass/Concrete
L ) Eliminates heavy
ETFE Thin film (100-300 | Weighs only 1% to 3% of |
) ) internal structural steel
Membrane micrometers) double-glazed glass units
supports.
) ) ) o Minimizes foundation
Exceptionally thin | 75% lighter than traditional
GFRC Panels ) load and prevents
(12mm-25mm) thick concrete panels )
surface cracking.
] ) ; ) ] Allows massive,
Composite  fiber- Ultra-lightweight (Fraction
FRP Panels N . seamless 15-meter
polymer sheet of traditional metal weight) . .
spans without sagging.
Hollow internal Digitally optimized weight Cuts raw  material
3D Concrete / ; ) )
] lattice (Lower volume than solid | consumption and allows
Ceramics ] ; )
configurations blocks) easy manual handling.

Energy Efficiency & Smart Climatic Parameters (Table 2)

Thermal )
) Ry . A ) Energy  Saving /
Material Name Activation Passive Climatic Action
HVAC Impact
Threshold
. Interlayer darkens | Slashes active air
. Triggers : .
Thermochromic ] dynamically to block | conditioning (HVAC)
) automatically  at ) )
Glazing radiant solar heat and | cooling loads
25°C-30°C o
glare significantly.
Maintains  continuous

Terracotta Breeze

High-temperature

vitrified clay

Absorbs daytime heat

(thermal mass delay)

cross-ventilation,

Blocks ) ] reducing  mechanical
profile and breaks wind pressure

loads.

. . ] Prevents thermal
) ] High thermal insulation o

Geopolymer High-density ] bridgingg and  cuts

) layer; withstands heat up ]

Concrete cementless matrix manufacturing  carbon

to 1000°C )
footprint by 80%.
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Thermal ]
] o ) o ) Energy  Saving /
Material Name Activation Passive Climatic Action
HVAC Impact
Threshold
Eliminates  long-term
] ) Uses UV rays to break ]
Self-Cleaning Nanometers-thin ) ] operational and manual
] ) dirt and flattens rainwater )
Glass $TiO_2$% coating ) facade maintenance
to flush debris evenly .
costs.

CONCLUSION:

Innovative building materials help facades handle climate forces and boost energy efficiency. Advanced stuff also cuts
down on upkeep and makes projects cheaper in the long run.

Ceramic and terracotta get tech upgrades from digital methods. Additive manufacturing steps up construction efficiency
while cutting waste.

Plus, composite materials are strong yet lighter. Smart windows? They control the environment passively. Technologies

like these are changing how we build structures today.
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