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Abstract: The essential need to mitigate carbon emissions has brought the energy performance of the 
building sector into focus. Conventional static façades, which are unable to adapt to dynamic external 
conditions, often compromise energy efficiency and occupant comfort. In contrast, adaptive façades 
present a groundbreaking opportunity to transform building design by responding dynamically to 
environmental stimuli, optimizing energy consumption, and enhancing indoor conditions. This paper 
explores the recent advancements in adaptive façade systems, emphasizing their potential to improve 
thermal comfort, daylight performance, and most essential the energy efficiency. In addition, this paper 
highlights the transformative role of quantum energy and smart materials in advancing façade 
performance and sustainable design. Overall, this paper underscores the potential of using adaptive 
façades to transform sustainable building practices, offering architects, researchers, and designers a 
roadmap for integrating innovative and energy-efficient solutions into the built environment. 
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1. Introduction  

The global utilization on fossil fuels for energy generation has significantly harmed the 
environment, driven by rapid population growth and technological advancements [1, 2]. This 
overuse of fossil fuels has accelerated carbon dioxide (CO2) emissions, contributing to climate 
change and its associated effects, such as rising global temperatures, sea level increases, glacier 
melting, and more frequent extreme weather events [3, 4]. Therefore, enhancing energy efficiency 
and minimizing CO2 emissions are critical steps toward achieving a sustainable future for 
humanity [5]. Consequently, governments have enacted laws and policies that aim to curb 
emissions and transition to low-carbon energy, promoting sustainable development. The building 
and construction sector, responsible for a substantial portion of global energy consumption and 
CO2 emissions, is a key area where sustainability strategies must be integrated [6, 7]. In 
particular, in recent years, the building sector has been responsible for 40% of global energy 
consumption, significantly contributing to greenhouse gas (GHG) emissions [8]. Furthermore, it 
has been stated that buildings account for approximately 39% of global CO2 emissions and 50% of 
raw material extraction, highlighting the critical role energy consumption plays in both 
construction and operational phases [8, 9]. Besides, buildings represent a substantial share of 
global energy use, contributing approximately 32% to final energy consumption, 51% to electricity 
demand, and 33% to carbon emissions [10, 11, 12, 5]. Given the planet’s finite resources and the 
ongoing effects of climate change, addressing the environmental impacts of the building industry 
becomes essential. This calls for concerted efforts to reduce energy consumption and conserve 
dwindling natural resources. To this end, developing a sustainable building design represents a key 
approach in contemporary architecture, focusing on minimizing environmental impact and 
enhancing energy efficiency and occupant comfort. As such, designing energy-efficient facades 
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presents a compelling approach to lowering the energy required for maintaining indoor thermal 
comfort [5]. Modern architecture increasingly emphasizes sustainability, with energy- efficient 
building facades playing a critical role in reducing energy consumption and enhancing overall 
environmental performance. 

However, building facade systems face significant challenges due to the inherent limitations of 
conventional materials and technologies. One of the primary obstacles is the lack of adaptability in 
traditional facade materials. Standard building facades, often made from static materials like glass, 
concrete, and steel, are designed primarily for durability and aesthetic appeal, rather than energy 
optimization. These materials offer limited capacity to respond dynamically to environmental 
conditions, such as temperature fluctuations, light levels, and weather changes, resulting in an 
inconsistent indoor environment that typically requires additional heating, cooling, and lighting. 
This reliance on external systems to maintain comfort not only consumes significant energy but 
also increases operational costs, reducing the building’s overall efficiency. Another key issue is the 
thermal inefficiency associated with traditional materials. While some advancements, such as 
double glazing and thermal insulation, have been made, these solutions are often insufficient for 
achieving optimal thermal regulation, especially in extreme climates. The inability of these 
materials to effectively insulate during winter or cool during summer requires substantial energy 
expenditure for climate control, undermining the sustainability goals of modern architecture.  

Therefore, the lack of flexibility in traditional facade designs restricts their compatibility with 
emerging smart technologies [13, 14]. Besides, the limitations of traditional materials and the 
current need for energy-efficient technologies create notable barriers to sustainable design. 
Overcoming these challenges requires innovative materials and adaptive systems that can 
seamlessly respond to external conditions and integrate with smart building technologies, paving 
the way for facades that are not only efficient but also intelligently adaptive. To this end, adaptive 
facades also known as dynamic facades in architecture is introduced as a key solution to achieve 
sustainable design [15]. Adaptive facades have the potential to revolutionize building design and 
user experience. In adaptive facades, sustainability involves incorporating responsive systems that 
naturally adjust to changes in the environment, thereby reducing reliance on artificial energy. By 
adjusting to shifting environmental conditions, adaptive facades can substantially lower energy 
usage and reduce CO2 emissions, all while improving comfort for those within the building. 
Committing to adaptive facades technology reflects a dedication to sustainability, offering the 
construction industry a chance to lead the way toward a built environment that is more energy-
efficient, durable, and focused on occupant well-being [15]. Adaptive facades represent a 
transformative approach in architecture, designed to respond dynamically to environmental 
changes to optimize a building’s energy performance. Unlike traditional, static facades, adaptive 
systems incorporate materials and technologies that adjust to factors such as sunlight, temperature, 
and air quality. This adaptability enables facades to regulate heat gain, daylight entry, and 
ventilation, enhancing indoor comfort while significantly reducing reliance on energy-intensive 
climate control systems. In the context of sustainable design, adaptive facades play a pivotal role by 
minimizing energy consumption and lowering greenhouse gas emissions. By integrating intelligent 
responses to external conditions, adaptive facades contribute to the creation of buildings that are 
not only energy-efficient but also resilient and environmentally conscious, supporting a shift 
towards more sustainable urban development. Therefore, advancing adaptive facades represents a 
significant step toward sustainability, offering the construction industry an opportunity to create 
buildings that are energy-efficient, resilient, and centered on occupant needs. 

The use of quantum energy in adaptive facades could offer an innovative pathway toward 
sustainable architecture [16, 17]. This could enable facades to respond intelligently to 
environmental changes, optimizing thermal regulation and natural lighting while reducing reliance 
on artificial systems. By harnessing quantum-level interactions, materials can dynamically adapt to 
variations in light, temperature, and weather, fostering energy efficiency and environmental 
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responsiveness. Integrating quantum physics into architectural design revolutionizes sustainability 
by introducing advanced materials that enhance functionality and reduce energy consumption. This 
approach aligns facades with sustainable goals by enabling real-time adjustments in light 
transmission, heat absorption, and ventilation, contributing to lower CO2 emissions and resilient 
structures. By merging architectural innovation with quantum science, this vision promotes eco-
conscious, self-regulating building systems that support sustainable urban development. 
 
1.1. Paper Contribution 

This paper shifts the focus from conventional studies on static facades to adaptive facades. This 
paper aims to find methods that allow facades to respond dynamically to changes in the 
environment. Unlike existing works, our paper addresses critical aspects that have not been 
thoroughly explored in previous research. Besides, this paper evaluates the energy efficiency and 
provides a techno-economic assessment of current adaptive facade systems. Moreover, the paper 
offers valuable insights into how adaptive facade systems can foster healthier, more comfortable 
living environments while addressing the challenges of modern building practices. We also 
investigate quantum potential energy and its application in adaptive facade systems. The paper in 
particular highlights the role of kinetic energy in creating adaptive architectural designs. We also 
present feasible solutions that enhance energy efficiency and significantly reduce energy 
consumption. These solutions are critically important in today’s world, where optimizing energy 
use is not only a priority but an essential requirement for sustainable development. In addition, this 
paper outlines promising directions for future investigations, offering valuable insights that extend 
beyond the current state-of-the-art literature. This paper serves as a valuable resource for 
designers and academic researchers and highlights potential avenues for future research.  
 
1.2. Paper Organization 

The structure of this paper is organized as follows. Section 2 presents the basic concept of 
quantum energy and the related terminologies. Section 3 provides details explanation about the 
adaptive facade in architecture design. Section 4 discussed several case studies and already 
implemented designs with adaptive facade. Section 5 highlights the advancements and benefits of 
integrating the quantum energy with adaptive facade. Finally, this paper is concluded in Section 6.  
 

2. Fundamental Principles of Quantum Potential Energy 
This section discusses the quantum concept and related terminologies. Architects can develop 

more sustainable, responsive buildings that align with environmental needs, pushing architectural 
systems closer to intelligent structures. With quantum potential energy, architects can develop 
innovation solutions that merge physics with design, creating structures that are environmentally 
sustainable. This synergy between quantum science and architecture has the ability to exemplify 
the potential for interdisciplinary approaches to revolutionize building design, ensuring comfort, 
efficiency, and reduced environmental impact.  

 
2.1. Overview of Quantum Potential Energy 

The word quantum can be defined as a physical term used to describe any amount of energy 
that can be exchanged between particles [18]. In particular, quantum is used to refer to specific 
amounts of energy that are emitted intermittently, not continuously. The terms quantum physics 
are often used (quantique physique) and quantum theory (quantum theorie) as synonyms for 
quantum mechanics [19]. The term ”quantum mechanics” pertains to the study of the behavior and 
properties of quanta. Nature often operates in discrete bursts, or quanta, and quantum mechanics 
focuses on observing and analyzing this phenomenon. The foundation of quantum theory was laid 
in 1900 when Max Planck introduced the concept that electromagnetic radiation is emitted in 
discrete packets, or quanta, which are now referred to as photons [20, 21, 22]. Quantum mechanics 
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is the branch of physics that explores how matter and energy behave at atomic and subatomic 
scales, emphasizing the processes of energy absorption and emission by matter rather than just the 
motion of quanta [23, 19]. Quantum mechanics is important in construction [24].    

  Quantum potential energy, a concept derived from quantum mechanics, offers a unique 
perspective on energy dynamics by integrating particle and wave behaviors. Quantum potential 
energy, derived from the foundations of the de Broglie-Bohm interpretation [25]. Rooted in the de 
Broglie-Bohm interpretation, this principle highlights the role of virtual photons—oscillating 
electromagnetic fields—that interact with charged particles to influence their motion. Specifically, 
the quantum potential can be understood as energy arising from the oscillations of electromagnetic 
fields, referred to as virtual photons, which interact with charged particles. This interaction offers 
valuable insights into the dynamics and behavior of particles [26]. This would highlight the 
influence of virtual photons within quantum systems, portraying quantum potential as a tangible 
factor that actively governs particle dynamics rather than being a purely mathematical abstraction. 
Unlike classical potential energy, quantum potential energy is not directly observable but manifests 
through its effects on particle trajectories, emphasizing the interplay between energy, matter, and 
wave functions. This framework provides a deeper understanding of energy at the quantum level, 
transcending classical mechanics.  

In architectural innovation, quantum potential energy can serve as inspiration for designing 
adaptive and energy-efficient structures. For instance, the integration of quantum-inspired 
materials and technologies allows buildings to dynamically respond to environmental stimuli. 
Noting that environmental stimuli refer to external factors or conditions in the surroundings that 
encourage a reaction in systems, or materials [27]. These stimuli can include variations in 
temperature, light, humidity, wind, sound, pressure, or chemical composition. In architectural and 
material science, environmental stimuli could encompass temperature changes that influence 
thermal behavior, sunlight or solar radiation, which affects heat and light management, moisture or 
humidity levels, impacting material functionality, wind or air pressure, altering structural 
performance. Therefore, adaptive facades and smart materials are designed to respond to these 
stimuli, enabling efficient temperature regulation, light control, and energy conservation, much like 
natural systems adapt to their environment [28, 27].  

Adaptive systems leveraging quantum potential are shaped by the interaction between classical 
dynamics and quantum-like behaviors, particularly within complex adaptive frameworks. This 
integration unveils how classical systems can exhibit emergent quantum-like properties, fostering 
adaptability and stability across various applications. The ”mock” quantum theory concept 
demonstrates how classical systems, such as the Lotka-Volterra model, can be expressed using a 
Schrodinger-type equation [29, 30, 31]. Specifically, the author in [31] started with the 
conventional formulation of a classical system described by the Hamilton–Jacobi (HJ) equation and 
transform it into an effective Schrodinger-like equation, incorporating a system-dependent ”mock” 
Planck constant. This transformation requires that the quantum potential termed as VQ, which 
depends on the state, is neutralized by an additional term within the HJ equation. This additional 
term is interpreted as representing the interaction between the classical system and its surrounding 
”environment.” In addition, the author in [31] demonstrated that a classical system can effectively 
nullify the VQ term, at least approximately, through precise adaptation to environmental 
conditions. By coupling the environment to the system, the state-dependent quantum potential can 
be neutralized, resulting in stable states [31]. This approach suggests that non-equilibrium 
dynamics in classical systems can mimic quantum mechanics, offering insights into adaptability 
observed in biological processes [32]. This is very essential observation that can be beneficial to 
architecture designers. The conclusion highlights the significance of the state-dependent nature of 
the mock quantum dynamics. This dependency implies that the system’s behavior evolves in 
response to its current state, which is a critical aspect for comprehending the mechanisms 
underlying complex adaptive systems. 
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The state-dependent nature of mock quantum dynamics aligns with this concept, as it 
demonstrates how systems adapt and evolve based on their current state and environmental 
interactions [33]. This connection underscores the potential for classical systems, through fine-
tuning and interaction with their surroundings, to exhibit behaviors analogous to self-organization 
observed in quantum contexts. Unlike classical physics, which describes a predictable and 
continuous universe, quantum mechanics reveals a world where particles can exist in multiple 
states simultaneously and are influenced by probabilities. Within this frame work, quantum 
potential energy is a concept that describes the energy inherent in quantum systems due to their 
probability distributions, rather than from physical interactions alone.   

Building on the principles of quantum physics, the particles on Earth’s surface are subject to the 
influence of waves emitted by both humans and the universe. These waves continuously interact, 
subtly affecting and shifting the energy frequencies of individuals and the spaces they inhabit. This 
creates an intricate feedback loop, where the user and their environment become interconnected, 
forming an extension of a unified energy source. As energy flows between the internal and external 
reflections, it influences the physical and mental states of the individual, harmonizing their 
performance with the energy of the space. This mutual exchange promotes a stable, balanced 
environment that enhances both the space and the person within it. In this process, there is a 
natural progression towards a heightened awareness—an intuitive understanding of the 
fundamental energy that shapes and defines both the individual and the space they occupy. 
Ultimately, this conscious connection between energy, space, and user fosters a deeper sense of 
purpose and presence.  
 

 
Figure 1.  
Lists of uniquely characteristic of quantum theory. 

 
Quantum mechanics has introduced transformative concepts in various fields, including 

material science and energy systems. A fundamental principle of quantum mechanics is the notion 
that particles, like electrons, can simultaneously occupy multiple states and positions until they are 
measured or observed—a phenomenon referred to as superposition. This behavior influences 
potential energy, which in a quantum context is not a fixed value but rather a dynamic state that 
can be harnessed for specific applications. Quantum mechanics is a general framework designed to 
describe the behavior of everything in the universe, from the smallest subatomic particles to the 



806 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484 

Vol. 9, No. 1: 801-845, 2025 
DOI: 10.55214/25768484.v9i1.4251 
© 2025 by the authors; licensee Learning Gate 

 

vastness of galaxies. Exploring the original groundbreaking experiments that unveiled these 
principles alongside the advancements enabled by modern technology offers a fascinating 
perspective on the evolution of quantum science. The primary focus of quantum mechanics lies on 
phenomena uniquely characteristic of quantum theory, such as complementarity, entanglement, 
indeterminacy/uncertainty, locality, and dualism. Figure 1 shows a lists of uniquely characteristic 
of quantum theory.   

1.  Complementarity: In 1928, Niels Bohr proposed the principle of complementarity, 
highlighting its ontic interpretation as a fundamental concept in quantum mechanics. This 
principle has since been adapted and applied across diverse disciplines, including psychology and 
quantum cognition [34, 35]. To this end, several work has discussed the principle of 
complementarity developed by Niels Bohr, see, e.g., [36, 37, 38, 36, 39]. Bohr’s principle of 
complementarity illustrates that when the wave-like nature of a system is observed, its particle-like 
nature remains concealed, and vice versa. It is fundamentally impossible to observe both aspects 
simultaneously, as the wave and particle characteristics are complementary. In quantum physics, 
this means that information derived from experimental setups, which cannot be executed 
simultaneously due to the physical constraints of the apparatus, cannot be fully represented within 
a single mathematically valid quantum state. Instead, the information obtained from incompatible 
measurements forms an essential and interconnected part of the quantum description. Based on this 
interpretation, it can be concluded that when the particle-like behavior of matter is observed or 
measured, its wave-like properties are inherently suppressed, and vice versa. The inability to 
simultaneously detect both the wave and particle characteristics of matter is what defines the 
principle of complementarity [40].  

2. Quantum entanglement: This phenomenon, known as entanglement, occurs when two or 
more particles become interconnected such that the state of one particle is intrinsically linked to 
the state of the other, regardless of the distance separating them [41]. This instantaneous 
correlation appears to defy conventional notions of information transmission, which, under 
Einstein’s theory of relativity, is constrained by the speed of light. Einstein famously described this 
effect as ”spooky action at a distance,” expressing his discomfort with its implications. Although 
quantum entanglement has been experimentally validated numerous times, its profound 
implications and potential applications—such as in quantum teleportation and quantum 
computing—remain active areas of research and exploration.  

3. Indeterminacy: Recognized as one of the cornerstone principles of modern physics and a 
foundational element of quantum theory, the concept of indeterminacy was introduced in 1927 by 
the German physicist Werner Heisenberg [42, 43]. Heisenberg formulated this principle through 
his work on the mathematical foundations of matrix mechanics, which serves as a key 
representation of quantum mechanics [44]. Alongside Schrodinger’s wave mechanics—viewed as 
the wave-based counterpart—matrix mechanics forms one of the two primary formulations of 
quantum theory. These approaches were later unified by the British physicist Paul Dirac. The 
principle of indeterminacy asserts that it is fundamentally impossible to simultaneously determine 
two properties of a quantum system—such as position and momentum—with perfect accuracy. 
Precise measurement of one property inherently increases uncertainty in the measurement of the 
other. This concept highlights the inherent limitations of knowledge, emphasizing that absolute 
precision in understanding or measuring all aspects of a quantum system is unattainable.  

4. Locality: The principle of locality, rooted in Einstein’s theory of relativity, posits that 
physical processes occurring in one location should not exert an immediate influence on the reality 
of distant elements [45]. However, a series of experiments has clearly demonstrated violations of 
this principle. These violations have inspired groundbreaking ideas, including the exploration of 
the universe beyond three dimensions (3D). This line of thought has further evolved into theories 
such as the many-worlds interpretation and superstring theory, both of which offer profound 
insights into the nature of quantum reality and stand as pivotal interpretations in modern physics.  
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5. Dualism: Wave-particle duality is the concept that all matter and energy exhibit wave-like 
and particle-like properties. Duality, a fundamental principle in quantum mechanics, highlights the 
limitations of classical notions like” particle” and” wave” in capturing the full behavior of 
microscopic entities [46]. Given the inherent unpredictability of a designer’s future decisions, 
conflicts between the present rational proposal and potential future system states are unavoidable. 
Rather than attempting to construct an overly simplified model of the designer’s decision-making 
process, a more adaptive approach is required to address this complexity [47].  

   The principles of quantum mechanics offer architects a powerful framework to rethink 
building design, enabling a focus on both visible and invisible energy interactions within spaces. 
Unlike traditional design approaches, which typically account for only physical and sensory 
aspects, quantum-inspired design considers how electromagnetic fields, energy frequencies, and 
other imperceptible influences impact occupants’ experiences and wellbeing [48]. By integrating 
these subtle energy dynamics into architectural planning, designers can create spaces that respond 
to users’ needs on a deeper, more holistic level. For example, facades could be engineered to adapt 
not only to changing light and temperature but also to shift in response to energy fields or 
frequencies that might affect a user’s comfort and mental state. This layered approach, where 
architecture is shaped by both tangible and intangible forces, opens up new possibilities for 
adaptive environments that enhance physical and energetic harmony for the building’s occupants  
 
2.2. Integrating Quantum Potential Energy with Adaptive Systems 

Quantum potential energy offers a theoretical foundation for enabling adaptive responses in facade 
systems. In architecture, the principles of quantum potential energy inspire new ways to design adaptive 
systems, particularly facades that respond dynamically to environmental changes. Quantum-inspired 
adaptive facades can harness energy fluctuations at microscopic levels, leading to materials that change 
properties—such as transparency, reflectivity, or thermal insulation—in response to external 
conditions. This concept drives the design of facades that require minimal active energy inputs, as they 
adapt naturally to fluctuations in sun- light, temperature, and air quality. By integrating quantum 
potential energy principles, facades could incorporate smart, self-regulating components that 
dynamically adjust shading, transparency, or insulation. This adaptability would surpass conventional 
mechanical or static systems, achieving higher efficiency and precision. Such applications highlight the 
potential of quantum energy concepts in driving the next generation of sustainable and intelligent 
building designs. A quantum-inspired facade could adjust its opacity in response to sun- light, effectively 
reducing the building’s cooling demands.  

The term magnetic architecture refers to the integration of magnetic materials and principles in 
architectural design to create adaptable, dynamic, or functional structures [49]. Magnetic architecture 
involves the use of magnetic fields and properties to achieve various objectives, such as reducing 
mechanical friction, enabling movable components, or enhancing structural efficiency. One of the most 
notable applications of magnetic architecture lies in creating dynamic facades, movable walls, and 
adjustable building components. For instance, magnetic levitation (maglev) technology, can be 
employed to facilitate frictionless movement in sliding panels, partitions, or even entire structural 
elements. This approach enhances flexibility in space utilization and offers innovative possibilities for 
adaptable building systems. Using magnetic materials in adaptive building facades could be very helpful 
to control the amount of light and heat entering the building [5, 50]. By applying an electric current to 
magnetic materials, their transparency and reflectivity can be adjusted, regulating the amount of 
sunlight and reducing the need for heating, cooling, and lighting systems. This would indeed contribute 
significantly to the future architectural design. Using magnetic materials could be very helpful to 
capture and convert wasted energy into usable electricity. 

Sustainable adaptive facades reflect a commitment to energy-efficient architecture that meets 
functional needs while prioritizing ecological balance. Therefore, achieving sustainability in the building 
industry, particularly with regard to energy efficiency and climate change mitigation, has therefore 
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become imperative [51]. As a result, sustainable practices in architecture are gaining increased 
importance due to the rise in energy demand and the escalating impacts of climate change [52]. To 
minimize environmental harm and reduce dependence on non-renewable resources, it is vital to design 
buildings with a strong focus on sustainability. Quantum-based energy solutions can enhance the 
sustainability of building systems by efficiently harnessing and distributing renewable energy sources. 
This begins with climate-responsive designs that adopt passive strategies, maximizing natural resources 
like sunlight, heat, rain, and wind [52]. Consequently, sustainable architectural designs must take 
precedence to mitigate the negative effects of climate change [9]. The shift towards environmentally 
conscious building design continues to evolve, driving the creation of sustainable architectural solutions 
[53].  

The exploration of quantum energy capture and utilization represents a promising frontier in 
sustainable architecture [54]. Quantum energy, which refers to the subatomic energy fluctuations 
inherent in particles and waves, offers a unique potential for integration into architectural systems. 
Mechanisms to harness this energy could involve advanced materials such as quantum dots, graphene, 
or nanostructured semiconductors [55]. These materials have the capability to interact with quantum 
phenomena, such as tunneling or energy transfer at the nanoscale, making it feasible to design 
structures that actively generate energy from environmental fluctuations, including light, heat, or 
electromagnetic waves. Integrating such materials into building facades or roofs could revolutionize 
how energy is produced and consumed in urban settings.  

While conventional systems primarily depend on static designs and external energy inputs, 
quantum potential energy introduces a paradigm shift to optimize energy efficiency. This approach 
enhances the functionality of adaptive facades, demonstrating its potential to redefine energy capture 
and utilization. Quantum potential energy enables systems to adapt to changing environmental 
conditions, improving overall energy efficiency. This adaptability represents a significant step forward 
in sustainable building technologies.  

Traditional facades often lack the flexibility to adjust to environmental fluctuations, resulting in 
reduced energy performance under varying conditions [56]. Moreover, current energy-efficient systems 
come with their own set of limitations. These technologies often require high initial costs, regular 
maintenance, and can be complex to retrofit into existing buildings [57]. In addition, they may not 
perform as effectively under all environmental conditions, thus limiting their universal applicability. 
However, simpler adaptive systems demonstrate effective energy management without relying on 
external power sources [58].  Although conventional systems currently dominate practical applications 
due to their established frameworks, the integration of quantum potential energy principles presents a 
promising direction for future facade designs. This evolution aims to combine the reliability of 
traditional systems with the groundbreaking capabilities of quantum-inspired designs hence providing 
more sustainable and efficient buildings.  
 
2.3. Quantum-Inspired Architectural Design 

Quantum-inspired architectural design draws from principles in quantum mechanics as inspiration 
for new ways of designing buildings and materials with potentially adaptive and sustainable properties. 
For instance, by applying quantum principle, architects could conceive materials that allow facades to 
adjust dynamically to environmental changes, possibly utilizing energy states more efficiently than 
conventional materials [50]. Quantum-inspired architectural design allows to rethink how we approach 
building materials and adaptive structures. In traditional architecture, materials are typically selected 
for their durability, strength, and aesthetic qualities. However, quantum mechanics introduces a new 
way of understanding materials at the molecular level, where particles can exist in multiple states and 
respond to environmental changes in unique ways. Through quantum-inspired design, architects 
explore the potential for materials to be more than passive components in a structure—they envision 
materials that actively respond to changes in temperature, light, and other external conditions. 
Quantum-inspired architectural design thus represents a bridge between scientific advancement and 
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practical application, allowing the built environment to adapt seamlessly to its surroundings in ways 
that traditional materials simply cannot. 

The term quantum architecture explores the integration of advanced materials and dynamic systems 
inspired by quantum mechanics to create responsive and adaptive structures. The main aim is to design 
facades and architectural elements that can actively respond to environmental changes. Quantum 
architecture emerges from the interplay of human consciousness and energy forces can offer a new 
dimension to sustainable building practices. In architecture, the concept of a quantitative system is 
interpreted as the embodiment of consciousness—an awareness of the surrounding environment and its 
conditions. For a building to attain a sense of timelessness or ”immortality,” it must harmoniously adapt 
and respond to external influences that shape or impact its built environment, both in the present and 
the future. The theory of quantum mechanics in architecture focuses on the idea that architectural 
design is a transformation of formal and spatial elements, according to their natural harmonic 
sustainability. When a quantitative relationship occurs in architecture, two or more activities 
harmoniously engaged in a changing relationship with each other and with the context that affects 
them, their separate roles will act jointly, thus becoming cooperating individuals. This will have 
harmonic oscillations back and forth from one to the other, to maintain their cooperative mission [59]. 
Quantum construction aims to establish a cooperative relationship with the forces of the natural world, 
embracing the inherent indeterminacy of quantum mechanics. 

Quantum aesthetics are expressions of architectural reason and utility. There are communications 
between a building and its user that demonstrate an appreciative dialogue, as the quantum building 
declares its purpose and function, and the quantum user sees, accepts, and enjoys the building for what it 
is. When a building succeeds in promoting positive human consciousness, it is in a give-and- take 
dialogue with its external, contextual influences.  

While traditional science often focuses on phenomena observable through the five senses, quantum 
mechanics reveals a deeper, often unseen world where energy fields, frequencies, and forces interact in 
ways beyond direct human perception [60]. These subtle energies, such as electromagnetic fields, can 
profoundly influence the spaces we inhabit, even if they aren’t consciously sensed. The work in [61] 
investigated the phenomenology of interior spaces, focusing on their emotional connection to human 
experiences. In addition, the work explored the key aspects that influence how people perceive and 
interact with interior spaces, identifying factors that enhance the quality of both spatial and emotional 
experiences. The research emphasizes that interior spaces can effectively stimulate emotional 
engagement, fostering a deeper spatial understanding of architecture. The paper outlined three primary 
methods for enriching interior experiences: Stimulating the lived body, Highlighting the role of 
materiality, and Encouraging emotional connections. These approaches enhance individuals’ sensory 
awareness of interior spaces, thereby improving the quality of their emotional interactions with the 
environment. Through representative case studies, the research investigated how materiality evokes 
sensory effects and how multi- sensory spaces contribute to emotional engagement. The results 
indicated that integrating bodily awareness and materiality is essential to enriching spatial experiences, 
even in abstract contexts that lack traditional architectural forms. Ultimately, this work advances the 
understanding of the interplay between interior spaces and human experiences, shedding light on how 
multi-sensory designs can improve emotional and spatial quality. Moreover, indoor measurements of 
the Earth’s magnetic field indicate fluctuations in both strength and orientation, offering valuable 
insights into the interaction between these fields and architectural designs [62]. With the development 
of theories that deal with quantum physics [63, 48], it has become possible to benefit from unconscious 
and interacting energy influences to reach conscious awareness through two types of energy, which can 
be demonstrated as: 
 
1. The energy transmitted by any particle present in this universe. 
2. Electromagnetic energy fields in architectural spaces emanating from the interior of the Earth or the 
materials that make up the space itself [64]. 
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3. Adaptive Facade Systems in Architecture 
This section discusses the adaptive facade concept in architecture design. adaptive facade have been 

described in the literature using a variety of terms, such as responsive, dynamic, adjustable, advanced, 
interactive, controllable, intelligent, innovative, sensitive, smart, modifying, movable, active, reactive, 
transient, kinetic, reconfigurable, transformable, accommodating, polyvalent, switchable, and selective 
facades [65, 66]. Fixed or static shading systems have a limited capacity to adapt to changing indoor or 
outdoor environmental conditions throughout the day or across seasons, which can lead to poor 
performance if operating requirements evolve over time [67, 68]. Non-flexible facades that enhance 
daylight penetration by increasing transparency often result in issues such as glare or overheating, 
prompting occupants to make adjustments that reduce indoor comfort and compromise long-term 
energy savings [69]. While conventional windows suffice for basic daylight entry, achieving deeper 
natural light penetration into interior spaces necessitates more advanced and responsive design 
solutions. 

The current standards evaluate building envelopes under constant climatic conditions, adaptive 
facades offer a dynamic response to changing climates. For example, the works in [70, 71, 72, 73, 74, 75, 
76, 77, 78] investigated single performance parameters of facades. While these studies contribute to an 
extensive body of knowledge on facade performance, they predominantly address static facades rather 
than adaptive ones. However, the emphasis should shift toward adaptive facades to better align with 
dynamic environmental needs. Adaptive facade elements designed to self-adjust to different purposes, 
due to the materials’ automatic response to the environmental stimulus. These elements operate in 
intrinsic mode, with no sensors, actuators, external power, or human action needed (e.g., facades 
containing phase change materials, shape memory alloys, thermochromic coatings) [79, 80, 81]. The 
concept of adaptive building facades technologies is considered as an opportunity to reduce the demand 
of buildings energy and reduce CO2 emissions [82]. Thus, adaptive facade systems will present several 
opportunities to enhance the quality of indoor environmental. In particular, facades are a crucial 
component of buildings, significantly impacting energy efficiency and occupant well-being [83]. 
 
3.1. Overview of Adaptive Facades   

The term ”facade” originates from French, meaning ”frontage” or ”face” (Simpson, 1989 a, b) [16]. 
Facade refers to the exterior surface or skin of a building, encompassing any unique architectural 
elements [84]. Facades play a critical role in regulating energy consumption by balancing the heat 
exchange between indoor and outdoor environments. The materials used to create facades have 
transitioned from traditional ones such as clay, stone, wood, and brick, to more modern materials like 
steel and glass to address diverse functional and climatic demands. Over time, the materials and design 
techniques for facades have evolved to improve their performance in terms of energy efficiency, thermal 
comfort, and adaptability. As such, this advancement in materials and construction methods has led to 
the development of various facade types [85, 85]. Besides, the recognition of the building envelope’s 
significance in managing and optimizing energy consumption has increased over time [86]. As a result, 
facades are no longer seen as passive barriers but as active components in regulating a building’s energy 
balance [86]. Modern facades not only serve as a protective layer but also actively regulate natural 
light, ventilation, and temperature, often incorporating advanced technologies like kinetic elements, 
photovoltaic systems, and biomimetic designs inspired by nature [16]. This shift requires facades to be 
adaptable to changing environmental conditions [28]. In particular, facades that adapt to immediate 
environment can improve both versatility and energy efficiency, reducing operational energy 
requirements. In this way, facades should function similarly to natural skins [87], much like living 
organisms adjust to fluctuating weather while maintaining their internal temperature within specific 
limits through physiological, morphological, or behavioral thermoregulation mechanisms [88]. 
Biomimicry offers significant potential as a design strategy to enhance a building’s sustainability [89]. 

Adaptive facades are building envelopes that can adapt to changing climate conditions on an hourly, 
daily, seasonal, or annual basis. The word adaptation means the ability to interact or take advantage of 
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external climatic conditions to meet productivity and mainly to successfully achieve the comfort and 
well- being of the occupant [90]. Adaptive facades can be defined as an innovative architectural solution 
designed to adapt to changing environmental conditions, improving both energy efficiency and occupant 
comfort. These facades automatically adjust their properties, such as light transmittance and ventilation, 
in response to factors like sunlight, temperature, and wind. By regulating heat and light, adaptive 
facades reduce the reliance on Heating, Ventilation, and Air Conditioning (HVAC) systems and artificial 
lighting, leading to energy savings of up to 50%. They also enhance the visual aesthetics of buildings 
while maintaining a comfortable indoor environment. This integration of smart technology with 
architecture offers a sustainable approach to building design, significantly lowering CO2 emissions and 
operational costs [15].    

Facades play a critical role in construction, influencing energy efficiency, environmental impact, and 
indoor space quality while serving as a bridge between a building’s interior and exterior. Although 
facade engineering integrates fields such as structural and chemical engineering, material science, and 
building physics, the construction sector must rapidly adopt advanced adaptive facade technologies to 
reduce environmental impact and enhance user experience [83]. The movement of kinetic facades is 
often controlled by built-in sensors and actuators, which trigger changes like rotating, sliding, or 
folding in response to real-time environmental data. This adaptability allows buildings to maintain 
energy efficiency, as the facade adjusts to minimize heat gain or loss, reduce glare, and maximize natural 
light. In essence, kinetic facades act as a mediator between the interior and exterior environments, 
actively managing energy flows and enhancing sustainability. This smart approach not only conserves 
energy but also improves the overall user experience by creating comfortable, energy-efficient spaces. 

Researchers have explored the effects of adaptive facades on occupant comfort and satisfaction [91, 
92], examined different technologies implemented in dynamic facades systems [93, 94], categorized 
adaptive facades within kinetic architecture [95], assessed their daylighting efficiency [96], and 
investigated their effectiveness in providing sun shading [97]. Loonen in [98] defined them as multi-
purpose, high-performance envelopes that respond mechanically or chemically to external climatic 
dynamics, unlike fixed curtain walls, to meet the requirements of internal loads (cooling, heating, 
lighting, or ventilation) and user needs. Adaptive facades can provide incremental upgrades in energy 
efficiency and use of renewable energy while improving building comfort for users [99]. It refers to the 
use of magnetic materials or magnetic properties in the design of building facades in ways that help 
regulate the amount of light and heat that enters the building. This technology allows the transparency 
and reflectivity of magnetic materials to be adjusted by applying an electric current to them, allowing 
control of the amount of solar light emitted and reducing the need for heating, cooling, and lighting 
systems. 

Adaptive facades play a crucial role in minimizing glare and controlling solar radiation, thereby 
enhancing occupant comfort while simultaneously lowering energy consumption. Examples of such 
applications includes the Kolding campus of Southern Denmark University, the innovative Blinking Sail 
facade, and the Hybrid Responsive Facade [100, 101, 102]. Some dynamic facade designs, such as those 
implemented in the Hybrid Responsive Facade and the Kiefer Technic Showroom, enable occupants to 
customize their immediate surroundings, thereby enhancing overall comfort and user satisfaction [103, 
104]. The Hybrid Responsive Facade merges the mechanical movement of facade elements with 
material innovations, such as thermochromic or photoresponsive layers, to achieve multi-faceted 
adaptability [105, 106]. 

The facade integrates passive and active strategies to optimize energy performance. Passive 
measures, such as shading devices, minimize solar gain, while active systems dynamically adjust 
elements to achieve energy efficiency. The design prioritizes occupant experience, enhancing natural 
light penetration and visual connectivity to the outdoors. This creates a healthier, more engaging 
indoor environment, aligning with principles of biophilic design.  Adaptive facades play an essential role 
in enabling users to manage their personal environment, privacy, and external views to meet their 
comfort needs [83]. Conducting post-occupancy evaluations of adaptive facades systems is essential to 
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examine how users interact with or exercise individual control over HVAC systems and building 
management systems (BMS). Despite efforts like soft-landing approaches and user education, a 
significant barrier to achieving occupant satisfaction persists due to a lack of understanding about 
operating or engaging with adaptive facades [107]. Within any automated dynamic facades, ensuring 
that users can control their indoor environment is of utmost importance [108, 109]. 

The work in [110] highlighted the significant environmental benefits of adaptive facades, 
showcasing their ability to markedly reduce CO2 emissions and minimize the use of construction 
materials. By optimizing energy efficiency and resource utilization, adaptive facades not only contribute 
to sustainable architectural practices but also address pressing environmental challenges associated with 
traditional building systems. Case studies, such as the Al Bahr Towers, strongly affirm the advantages 
of adaptive facades in enhancing building performance. These innovations have demonstrated 
measurable reductions in solar radiation, CO2 emissions, and solar heat gain, underscoring their role in 
fostering energy-efficient and environmentally responsible design [103, 100].  

The author in [103] categorized dynamic facades into four primary types based on their functional 
objectives: User-Control Dynamic Facades, which allow occupants to directly influence their 
environment; Light-Control Dynamic Facades, designed to optimize natural light and reduce glare; 
Energy-Control Dynamic Facades, aimed at regulating thermal energy for enhanced efficiency; and 
Water-Management Dynamic Facades, which address water-related challenges such as rain protection 
and water harvesting. These classifications high- light the diverse capabilities of dynamic facade systems 
in responding to environmental and user needs while advancing sustainable design practices. 

The work in [83] introduced an evaluation framework incorporating key performance indicators 
(KPIs) designed to organize the assessment of requirements, performance benchmarks, and qualitative 
technical attributes of adaptive facades systems, taking into account their multi-domain scope and the 
involvement of diverse stakeholders. In addition, the paper also classified the dynamic facades 
performance parameters into five different categories. These categories are: 1) energy and 
environmental performance, 2) protective performance, 3) building control and services, and 4) user 
control and experience. The proposed framework emphasized the significance of prototyping, testing, 
and inspecting facades while identifying a key issue: adaptive facades systems are often designed at the 
product or component level rather than the building level.  
 
3.2. Potential of Kinetic Energy 

The Kinetic facades are building envelope systems designed with dynamic, movable 
components that can change position, shape, or configuration in response to specific inputs such as 
environmental conditions or user needs [111]. In particular, kinetic facades integrate movable 
elements, which have the ability to be adjusted based on climatic conditions. Therefore, this would 
significantly improve thermal regulation compared to static facade [112]. Kinetic facades often 
utilize mechanical systems to achieve their motion, allowing for adjustments in shading, 
ventilation, or day lighting. Kinetic shading systems adjust light and heat entry, significantly 
reducing energy consumption and CO2 emissions [113]. While Kinetic facades share similarities 
with adaptive facades in their goal of enhancing building performance and user comfort, the key 
difference lies in their functionality. Adaptive facades encompass a broader category that includes 
not only kinetic elements but also systems driven by material properties, sensors, and automation 
to react passively or actively to changing conditions [114].  

Potential energy refers to the stored energy of an object at rest, influenced by its position 
relative to other objects, while kinetic energy represents the energy of motion. For instance, a brick 
suspended from a height possesses greater potential energy than one resting on the ground. In the 
late 19th century, some natural philosophers argued that potential energy could be interpreted as 
an apparent form of kinetic energy, emphasizing motion as the essence of all energy [115]. This 
perspective aligns with the idea that physical sciences aim to explain phenomena through the 
motion of matter. In the context of kinetic facades, this interplay of potential and kinetic energy 
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mirrors the transformation of static facade components into dynamic, functional systems that 
respond to environmental or operational demands. 

The traditional notion of potential energy as a separate entity has been reinterpreted as a 
manifestation of kinetic energy, highlighting motion as the core essence of energy. This perspective 
is reflected in practical systems like potential energy engines, which interconvert kinetic and 
potential energy, and gravity-based storage systems that utilize vertical weight movement to 
harness gravitational energy [116]. Theoretical approaches, such as inverse perturbation analysis, 
refine potential energy surfaces in molecular dynamics, while energy management systems in high-
potential devices optimize energy use. Though this kinetic-centric view offers a unified 
understanding, it may underappreciate the unique roles and applications of potential energy across 
various technological and natural system 

Heisenberg’s uncertainty principle introduced the concept of indeterminism [117], which 
states that it is fundamentally impossible to simultaneously measure both the position and velocity 
of a quantum particle with infinite precision [118, 119]. This principle is not just a limitation of 
measurement but reflects the inherent nature of quantum systems [120]. The principle explains 
that reducing uncertainty in one property leads to greater uncertainty in the other, emphasizing 
that absolute precision is unattainable.  

According to Webster’s findings in [121], a system that lacks inherent potential energy may 
still appear to possess it if we are unaware of the underlying motions within the system. The 
material contributing to what is observed as kinetic energy can either be a component of the 
system itself or originate from an external system. This insight emphasizes that our perception of 
energy within a system is deeply influenced by the presence and recognition of motion, 
underscoring the nuanced relationship between kinetic and potential energy. 

As discussed in [122], efforts to address the problem of localizing potential energy remain 
challenging. While this limitation persists, an intriguing avenue in physical science explores 
applying these concepts within quantum mechanics.  

Kinetic facades is part of dynamic facades, which are defined as dynamic architectural elements 
designed to adapt to changing environmental conditions, enhancing both the functionality and 
aesthetic appeal of buildings [123]. Unlike static facades, kinetic systems use movable components, 
such as panels, louvers, or shading devices, that can adjust in response to factors like sunlight, 
temperature, or wind. This adaptability allows buildings to optimize natural light, control interior 
temperatures, and reduce energy consumption. An adaptive building skin involves a morphogenetic 
evolution and the ability to physically adapt in real time based on the surrounding environment 
[124, 69, 125, 126]. Kinetic facades utilize kinematic technologies, employing mechanical or 
electro- mechanical actuators [127, 128, 129], to adjust their configuration in response to changes 
in the building’s ambient climate, aiming to enhance occupant comfort and productivity [130]. 
These facades incorporate biomimicry principles to achieve complex, flexible, and foldable designs 
using smart and semi-transparent materials. Additionally, they help reduce the impact of direct 
sunlight, which is at least five times more intense than diffused light [131]. The facade’s shape, 
driven by the responsive system, can be altered through elastic deformation [132, 133, 134], 
movable components, shape-changing panels, and self-shading geometries [135, 136, 137]. By 
regulating the amount of heat and light that enters a building, kinetic facades help maintain 
comfortable interior environments while minimizing reliance on mechanical heating and cooling 
systems. These facades not only support energy efficiency but also offer architects creative 
flexibility, enabling innovative designs that interact actively with the surrounding environment. 
Overall, kinetic facades represent a forward-thinking approach to sustainable and responsive 
architecture, aligning buildings with modern energy goals and occupant needs. 

The work in [138] investigated dynamic photovoltaic building envelopes designed to optimize 
energy generation, comfort, and operational efficiency in buildings. The authors introduced a 
lightweight modular facade system equipped with hybrid hard/soft-material pneumatic actuators 
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capable of precise solar tracking. By adapting the position of integrated thin-film photovoltaic 
panels to real-time environmental conditions, these dynamic envelopes enhance energy efficiency 
and occupant comfort through local energy generation, passive heating, shading, and daylight 
modulation. Prototypes tested under varying climates, such as temperate and arid regions, 
demonstrated significant energy gains—up to 50% compared to static photovoltaic systems—and 
reduced energy demands by up to 19 percentage points in optimized configurations.  
 

 
Figure 2.  
Development of a modular control of the eccentric interface inspired by the pressure of plant cell 
wall distension [141,142]. 

 
The work in [139] focused on developing adaptive building envelopes inspired by natural 

systems. The author utilized a biomimetic approach to create building facades that can respond 
effectively to environmental changes. The study also investigated how specific natural 
morphologies regulate heat, air, water, and light, providing a framework for designing more 
adaptable and efficient building envelopes. By examining various organisms that thrive in harsh 
conditions, the paper identified strategies from nature that can be translated into architectural 
solutions. The goal was to enhance the environmental adaptability of buildings using design 
concepts based on the morphological features of natural systems. Finally, the author in [139] 
concluded that ”form follows environment,” the replication of the extensibility of plant cell walls 
using Voronoi patterns leads to the creation of a bio-interactive and complex facade design. Figure 
2 demonstrates a replicate the extensibility of plant cell walls using Voronoi patterns to create a 
bio-interactive and complex facade design. This facade design can dynamically adjust its scale and 
extend modular components to control daylight in real time. The facade must be dynamic, guided 
by a responsive decentralized system, to adapt its form locally based on the sun’s position 
throughout the day. Since responsive facades need to react to both external and internal stimuli, 
the adaptive strategies of plants can serve as a valuable inspiration for creating interactive kinetic 
facade designs that enhance the visual comfort of occupants [140].  

The research in [141] is also studied the morphological approach to biomimetic, and 
parametric daylight simulation to develop a multi-layer biomimetic kinetic interface shape, inspired 
by the morphology of trees to improve daylight performance for the user. To explore how 
biomimicry affects the functions of the kinetic interface, the study applied the biomimetic 
morphological approach to derive tree morphological strategies due to dynamic day lighting, and 
in terms of functional convergence, the principles of biomimetics were translated into the Figure 2: 
Development of a modular control of the eccentric interface inspired by the pressure of plant cell 
wall distension [142, 141].   

The extracted shapes and motions are translated into kinematic interface design solutions 
resulting in the flexible shape using cross- and multi-layer shells and kinematic vectors with 



815 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484 

Vol. 9, No. 1: 801-845, 2025 
DOI: 10.55214/25768484.v9i1.4251 
© 2025 by the authors; licensee Learning Gate 

 

bending motions. Figure 2 shows the development of a modular control of the eccentric interface 
inspired by the pressure of plant cell wall distension [142, 141]. Design rules derived from 
biological systems provide an opportunity to achieve a tunable configuration that changes from 
stationary to kinetic phase. In this study, biometrics (tree morphology) were explored through the 
morphological approach of biomimetics [143].  
 

 
Figure 3. 
The Shed at Hudson Yards [144]. 

 
The work in [144] proposed the tectonics of kinetic architecture, moving structure, and 

changing space, as buildings today are no longer frozen musical pieces as they can move, rotate, 
flip, and perform different physical gestures. The study aims to explore the spatial, aesthetic, and 
technical characteristics of kinetic buildings within the framework of tectonic theory. The paper 
focused on the interrelationships between tectonics and the physical movement of architectural 
elements. The results indicated that the type of movement and the role of moving elements change 
not only the architectural space but also the tectonic character of the building. While some 
movements and moving parts are directly related to representational aspects, some change the 
existential character of the building. The study is concerned with clarifying the theory of tectonics 
in parallel with the evolution of structural needs for adaptation. The performance of this type of 
building, which is already called kinetic, cannot be easily explained in relation to purpose but as 
manifestations of technological progress. The advantages of this type of design can be significant: it 
lasts longer, performs its function better, accommodates users’ experience and intervention, takes 
advantage of technological advances more easily, and is more economically and environmentally 
feasible [145].  In some kinetic buildings, movement is driven by data automation managed 
through sensors. The speed at which the moving parts operate affects perception, appearing either 
as a rhythmic motion or as subtle changes that are barely noticeable. Most responsive facade 
systems incorporate digitally assembled movement with a sense of continuity. However, 
mechanically assembled movements create a more dramatic transformation in the spatial and 
temporal experience, as seen in structures like demountable buildings (e.g., circus tents) or 
convertible bridges. For this reason, the movement in The Shed is considered a mechanically 
assembled type. This mechanical nature is what creates a noticeable tension between tectonic 
(structured) and atectonic (fluid) elements. Figure 3 shows The Shed at Hudson Yards; which was 
taken by Iwan Baan, reprinted with permission of The Shed/Diller Scofidio + Renfro as mentioned 
in [144]. Noting that The Shed stands as one of the most ambitious projects to achieve this level of 
transformation in a building, accommodating between 1,750 to 3,000 spectators simultaneously, 
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and has become a landmark in the history of kinetic architecture. Further discussion about The 
Shed can be found in [144]. 
 

 
Figure 4. 
Deployment of the Envelope by moving cover [144]. 

 
In addition, the placement of the moving components and motor system plays a crucial role in 

the overall tectonic expression. What makes The Shed unique is its kinetic facade, which envelops 
the conventional fixed mass of the building. The kinetic envelope functions like a massive gantry 
crane, resting on two rows of rails on the ground and supported by six large bogie wheels. Unlike 
similar structures, the motors that drive the movement are not positioned near the rails or bogie 
wheels but are instead located at the top of the kinetic facade. This top-down activation process is 
similar to the operation of a ”shopping cart,” where the force comes from the top. The entire 
movement takes about five minutes, traveling at a speed of a quarter-mile per hour, while the full 
extension and retraction process takes around four hours and requires a crew of four to six people. 
In essence, this movement can be categorized as a horizontal deployment with activation starting 
from the top and working downward. 

Another key aspect that influences the perception of tectonics in kinetic buildings is the scale of 
the transformation. During the extension process, the kinetic shell slides mechanically from a 
position where it fully covers the stationary conventional building to one where it largely reveals 
the fixed structure. This results in a significant mechanical shift, increasing the building’s footprint 
by 86%. Thus, the kinetic facade of The Shed has the potential to create more profound ontological 
changes in the architectural space and the tectonic character of the building compared to other 
similar structures as shown in Figure 3. Besides, Figure 4 demonstrates the deployment of the 
envelope by moving cover [144]. The work in [146] presented Roth’s method of non-negligible 
coordinates that demonstrates that the quantum potential energy involved in particle inter actions, 
which accounts for quantum effects, can be understood as the kinetic energy of additional ”hidden” 
degrees of freedom. This method offers an alternative view to the Planck constant, which plays the 
role of a hidden variable. The research presents a model that has proof of concept status. However, 
the work does not provide any explanation for the shape of the density-dependent factor in hidden 
kinetic energy or for the value of the Planck constant if a similar change in the definition of the 
hidden initial speed is made. Instead of interpreting hidden variables as relating to a discrete 
physical system, they may be allowed to represent internal freedoms (such as rotation) or spatial 
coordinates in higher dimensions. The theory is closely related to the Kaluza-Klein program [147]. 
One interesting aspect of subtle motion, however conceived, is that it is described by a continuity 
equation corresponding to quantum flow but where the density differs from the quantum 
expression (probabilistic) expression. Physical phenomena must be considered to occur within 
space and time, one of the problems recognized with potential energy has been the difficulty of 
locating it, i.e. dividing it into specific regions of space.  

It has been proposed to treat potential energy as a representation in the visible coordinate field 
of the kinetic energy of hidden movements whose character cannot be fully determined. The matter 
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whose motion constitutes the kinetic energy may be either part of the system or a system external 
to it [146]. Adaptive facades, while innovative, come with a some of challenges that need to be 
considered in future. One major issue is noise generation; for example, dynamic facade systems like 
those at the Arab World Institute can produce considerable noise when moving components are in 
operation, potentially disturbing occupants [148]. In some cases, adaptive facades, may have slow 
response times to environmental changes, limiting their effectiveness [148]. Complex designs, 
especially those with multiple moving parts like the Arab World Institute’s facade, also demand 
more frequent maintenance, which may compromise their long-term viability [148]. Another 
concern with adaptive facades is design rigidity; fully automated systems may restrict user control, 
which can be undesirable in occupant-centered designs [149]. In addition, the lack of long-term 
data on life-cycle costs and performance can be a barrier for investors, who often require robust 
evidence to justify such investments [150]. Some adaptive facades, like those at Galleria Centercity 
and Eskenazi Hospital, also fall into the category of pseudo-dynamic designs, where aesthetics are 
prioritized over functional adaptability, which may reduce their perceived value [151]. 
Furthermore, energy consumption is a concern for certain adaptive systems, particularly 
electroactive polymer facades, which can demand substantial operational energy [148, 150].  
 

4. Case Studies and Experimental Applications Considering Adaptive Facades 
Adaptive facades have gained widespread popularity in the global construction and building sectors. 

These facades are implemented in various countries to enhance energy efficiency, improve visual appeal, 
or achieve a blend of both objectives. In addition, the impact of magnetic fields on comfort zones in such 
facades designs has been explored. Considering the diversity of building designs, it is essential to 
conduct tailored studies for each type, separating the magnetic effects originating from the ground from 
those caused by electrical systems within the structure. This approach emphasizes the expansive and 
multifaceted concept of energy across various fields, including architecture. Generally, energy is 
associated with natural processes and the capacity to perform work, existing as either potential or 
kinetic energy, and manifesting through both natural and human-made systems. This section presents 
several case studies that considered adaptive facades. Figure 5 shows a lists of case studies that are 
considered in this paper. 

 
4.1. Toward an AI-Powered Academic Assistant 

The Sharifi-ha House can be considered as an example of movable facade. The Sharifi-ha House 
located in Tehran, Iran, features a dynamic facades composed of rotating boxes that respond to changes 
in ambient temperature [152]. Uncertainty and flexibility underlie the design concept of Sharifi-ha 
House. These boxes rotate outward during the summer, creating open, transparent spaces with large 
terraces. The dramatic and spatial qualities of the interiors, as well as the formal composition of their 
exterior, respond directly to the displacement of circulation boxes that result in the building volume 
becoming open or closed, acquiring an introverted or extroverted character [15]. These changes may 
occur according to the changing seasons or functional scenarios of the floor plans [153]. For example, 
during Tehran’s cold and snowy winters, the boxes rotate inward, closing off the facade to minimize 
openings and eliminate terraces. When the kinetic boxes in Sharifi-ha’s apartment move, not only the 
spatial setting within the apartments grows and contracts but also the total area of the balconies and 
open spaces.  

In these examples, the movement creates existential changes for the host buildings. Figure 6 shows 
a diagram of Sharifi-ha House with the open/closed volume of the building, which would serve as 
dynamic seasonal patterns of housing. 
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Figure 5. 
Lists of case studies that are considered in this paper. 

 

 
Figure 6. 
A diagram of Sharifi-ha House. 

 
The openness/closeness of the building volume is a reference to traditional Iranian houses, which 

would dynamically function as seasonal patterns of housing by introducing (winter living room) and 
(summer living room) into their homes. The house is distributed over seven floors: the lower two floors 
are dedicated to family living, fitness facilities, and wellness areas, while the ground floor houses 
parking and housekeeping rooms. All public activities take place on the first and second floors, and the 
family’s private life takes place on the third and fourth floors. Figure 7 and Figure 8 show mechanism of 
opening and closing and the rotation different views of the Sharifi-ha House, respectively. 
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Figure 7. 
The mechanism of the opening and closing the Sharifi-ha [154]. 

 

 
Figure 8. 
The mechanism of the rotation of Sharifi-ha and its adaption to the functional 
needs of its residents [154]. 

 
Being partially mobile is the dominant feature of this structural assembly, as all the main loads fall 

on the beams of the living rooms. Due to the different configurations that recycling bins may take, the 
load calculation has been estimated based on the largest possible load value applied to the system. In 
addition, in order to prevent structural deformation controlling possible vibrations in the rotating 
boxes, was taken into account during the design/calculations of the structure. Figure 9 shows different 
views and interfaces of the Sharifi-ha House demonstrating how the design can adaptively changing 
based on the functional needs of its residents. The figure shows that the interface is narrow, hence 
converting the 2D interface into a 3D interface is indispensable. 
 
4.2. Blinking Sail Façade 

The blinking sail facade is an iconic dynamic structure located on the Esentai Tower in Almaty, 
Kazakhstan. Designed by the architectural firm Skidmore, Owings & Merrill (SOM), this facade is a 
notable example of kinetic architecture, incorporating motion and adaptability to enhance the building’s 
energy efficiency and visual appeal. 
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Figure 9. 
Different views of opening and closing the Sharifi-ha House [154]. 

 
The concept of the blinking sail facade is inspired by the movement of a sail catching the wind. The 

facade is designed to mimic the undulating motion of a sailboat’s sail, creating a dynamic and ever-
changing appearance. The structure features a series of motorized, lightweight aluminum panels that 
can open and close in response to environmental conditions. This movement is not only visually striking 
but also serves a functional purpose in managing solar gain and optimizing indoor climate control. The 
Blinking Sail facade functions as an adaptive shading system that reacts to changes in sunlight and 
temperature. During hot and sunny periods, the panels close partially or fully to provide shade, reducing 
solar heat gain and minimizing the building’s cooling load. Conversely, during cooler or cloudy 
conditions, the panels open up to allow natural light to penetrate the interior, reducing the need for 
artificial lighting and utilizing passive solar heating. This adaptive mechanism helps to maintain a 
comfortable indoor environment while significantly enhancing the building’s energy efficiency. The 
facade is controlled by an automated BMS that uses sensors to monitor sunlight, temperature, and wind 
speed. The system adjusts the movement of the panels in real time, ensuring optimal shading and light 
levels throughout the day. This responsive behavior helps to reduce energy consumption for heating, 
cooling, and lighting, aligning with sustainable building practices. The BMS also allows for manual 
overrides, giving building managers the flexibility to adjust the facade based on specific needs or 
preferences. 
 

 
Figure 10. 
Blinking sail facades with fully opened configuration [101]. 

 
The kinetic nature of the facade creates a dynamic, shimmering effect that changes with the 

movement of the panels, making the building appear as if it is constantly ”blinking” in response to the 
environment. This dynamic visual quality not only enhances the aesthetic appeal of the building but also 
serves as a striking example of how kinetic architecture can merge form and function effectively.  

The blinking sail facade exemplifies the potential of adaptive kinetic facades to improve both the 
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energy efficiency and aesthetic value of modern buildings. By integrating an automated shading system 
inspired by natural movements, the facade provides an innovative solution for climate control while 
offering a visually engaging experience. It stands as a benchmark for future developments in dynamic 
facade technology, demonstrating the effective use of adaptive design to meet both environmental and 
architectural goals. Figure 10 shows an example of blinking sail facades with fully opened configuration, 
which are able to harvest wind and solar energy from wind power generators [101]. 

 
4.3. Miramar House 

The two-story Miramar house, located in Miramar, Portugal, is an example of architecture that 
seamlessly adapts to its Mediterranean climate [15]. The Miramar house is designed to respond to 
fluctuating weather conditions. This is achieved by leveraging its facade to optimize energy efficiency 
and enhance occupant comfort.  The Miramar house embodies a thoughtful design that harmonizes with 
its surroundings. The facade in this design plays a crucial role in regulating the indoor environment by 
maximizing the use of natural daylight. Large openings allow ample sunlight to penetrate the interior, 
reducing the reliance on artificial lighting during the day. At the same time, strategic design elements 
provide privacy and shield the occupants from excessive solar heat, ensuring a comfortable living space. 

The house also capitalizes on natural ventilation, with openings positioned to encourage cross-
ventilation, which helps maintain a cooler indoor environment during the warm Mediterranean 
summers. This passive cooling approach minimizes the need for mechanical ventilation systems, further 
enhancing the building’s sustainability. The facade’s design ensures that solar gains are managed 
efficiently, balancing natural lighting and thermal comfort. Its integration of solar panels on the roof 
contributes to sustainability by providing renewable energy for heating the building’s water supply, 
reducing overall energy consumption. By blending passive architectural strategies with renewable 
energy technology, the Miramar House demonstrates how adaptive facade principles can be applied to 
create sustainable and efficient residential buildings. Figure 11 shows the Miramar house. 
 

 
Figure 11. 
The Miramar house. The photo is taken by Jose Campos [155]. 

 
4.4. Homeostatic Façade System 

The Homeostatic facade system, developed by Decker Yeadon, represents a pioneering approach to 
sustainable and responsive building design [156]. This innovative facade prototype embodies advanced 
material science and environmental adaptation principles, aiming to regulate internal building 
conditions in response to external stimuli. Below, we explore its significance in terms of architectural 
design and its role as an adaptive facade.  
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Figure 12. 
Homeostatic fa¸cade system a prototype photo visual simulation courtesy  
of Decker Yeadon, NY [157]. 

 
The facade incorporates a specialized polymer embedded with dielectric elastomers. These materials 

expand and contract in response to electrical stimuli, allowing the system to adjust its configuration 
dynamically. This design showcases how advanced materials can revolutionize architectural 
possibilities. The Homeostatic facade System integrates seamlessly into a building’s exterior, 
maintaining a sleek and minimalist appearance. Its design emphasizes form following function, creating 
a visually subtle yet technologically sophisticated facade.  

Drawing inspiration from biological systems, the facade mimics homeostasis—nature’s way of 
maintaining equilibrium. This concept is reflected in the facade’s ability to balance heat gain and loss, 
contributing to a building’s thermal comfort. The Homeostatic facade System is specifically designed to 
regulate solar heat gain. By expanding or contracting in response to environmental conditions, it 
controls the amount of sunlight entering the building, reducing reliance on artificial heating or cooling. 

This design significantly reduces energy consumption. The self-regulating nature of the system 
eliminates the need for complex mechanical devices, lowering operational costs and environmental 
impact. Unlike traditional responsive systems that rely heavily on external power, the Homeostatic 
facade System utilizes minimal energy inputs. Its material-driven adaptability makes it an energy-
efficient solution for sustainable architecture. Figure 12 demonstrates an example of homeostatic facade 
system. 
 
4.5. Adaptive Solar Facade 

The adaptive solar facade prototype at the Eidgenossische Technische Hochschule (ETH) House of 
Natural Resources in Zurich, Switzerland, incorporates humidity and illuminance sensors within the 
office space to monitor temperature and thermal comfort. Its thermal and electrical performance is 
evaluated by comparing it with an adjacent office building that uses a standard fabric-based shading 
system. By managing solar gains and optimizing natural lighting, the adaptive solar facade significantly 
enhances the building’s energy efficiency [158, 159].  
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Figure 13. 
Adaptive solar facade in Switzerland [160]. 

 
Using numerical models to simulate the prototype’s performance, the developers achieved a 25% 

reduction in total energy consumption [158]. Furthermore, integrating photovoltaics into the system 
presents new possibilities for building-integrated photovoltaics by combining adaptive shading 
capabilities with facade-integrated solar tracking. This innovation not only reduces the building’s 
energy demand but also facilitates onsite electricity generation [158, 159]. Figure 13 shows an example 
of adaptive solar facade [160]. 
 
4.6. The Kiefer Technic Showroom 

The adaptive facades significantly contribute to occupant well-being by optimizing indoor comfort 
through effective regulation of daylight, temperature, and external views. Kiefer Technic Showroom in 
Bad Gleichenberg, Austria illustrates how adaptive facades can create healthier and more pleasant 
indoor environments by dynamically adjusting to environmental conditions [161, 162]. The Kiefer 
Technic Showroom is an exemplary model of modern adaptive facade technology, designed by 
Giselbrecht + Partners [163].  

The Kiefer technic was completed in 2007, which is recognized for its innovative approach to 
managing environmental conditions and enhancing energy efficiency through a dynamic facade system. 
The primary concept of the Kiefer Technic Showroom is to create a building that adapts seamlessly to 
its surrounding environment, embodying the idea of a ”breathing facade”. The exterior is covered with 
motorized aluminum panels, designed to move and adjust throughout the day in response to changing 
light and temperature conditions [164].  

The structure not only serves as a functional space for showcasing medical furniture but also acts as 
a living advertisement for the company’s commitment to innovation and technological integration in 
architecture. 

The standout feature of the Kiefer Technic Showroom is its adaptive facade, composed of 112 
individual panels that can be controlled independently. These panels are mounted on a track system, 
allowing them to slide open or closed based on real-time data from sensors that monitor sunlight, 
temperature, and wind conditions. The movement of these panels is powered by a centralized control 
system that automatically adjusts their positioning to optimize the building’s energy performance. For 
instance, on hot, sunny days, the panels close to provide shade, reducing solar heat gain and minimizing 
the need for air conditioning. Conversely, during cooler or overcast days, the panels open to maximize 
natural light, reducing the dependence on artificial lighting and utilizing passive solar heating. This 
ability to adapt in real-time helps maintain a comfortable indoor climate while significantly improving 
the building’s energy efficiency. 
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Figure 14. 
Kiefer Technic Showroom’s dynamic facade system [162]. 

 
The automation system of the Kiefer Technic Showroom is designed to balance automated control 

with user flexibility. The building is equipped with an intelligent BMS that processes data from external 
environmental sensors and adjusts the facade panels accordingly. However, occupants also have the 
option to manually override the system using wall-mounted controls inside the building. This dual 
mode of operation ensures that the facade not only optimizes energy use but also meets the comfort 
preferences of users, enhancing the overall occupant experience. The adaptive facade of the Kiefer 
Technic Showroom plays a crucial role in reducing the building’s energy consumption. By dynamically 
managing solar gain and optimizing natural light, the system helps lower cooling and heating loads 
throughout the year. Studies have indicated that the dynamic facade reduces the building’s energy 
consumption for cooling by up to 30%, making it significantly more efficient than traditional static 
facades. The Kiefer Technic Showroom has received widespread acclaim for its forward- thinking design 
and contribution to sustainable architecture. Figure 14 shows an example of Kiefer Technic Showroom’s 
dynamic facade system. 
 
4.7. The Pearl River Tower 

The Pearl River Tower in Guangzhou, China, stands as a benchmark in sustainable skyscraper 
design, seamlessly blending innovative engineering with environmental responsibility [165]. 
Completed in 2011, this structure exemplifies how modern architecture can harmonize efficiency and 
elegance. Its streamlined design minimizes wind resistance, while incorporating a suite of green 
technologies that enhance performance and reduce its carbon footprint. The Pearl River Tower was 
strategically reoriented away from Guangzhou’s main power grid to harness wind energy effectively. Its 
broad face was positioned perpendicular to the prevailing southerly winds, which blow consistently for 
approximately 80% of the year, creating an ideal scenario for wind energy generation. However, this 
orientation also resulted in increased structural demands, as Guangzhou’s coastal location subjects it to 
significant wind activity. 

The Pearl River Tower is considered an example of adaptive facades that presents an innovative 
opportunity to integrate energy generation systems toward sustainability [166]. The Pearl River 
Tower has been designed to incorporate hydrogen fuel cells within its facade system, aiming to store 
surplus energy generated by the building. This advanced technology enables the conversion of 
hydrogen gas into electricity with an impressive energy efficiency exceeding 50%. The resulting power 
can then be efficiently utilized to support the building’s cooling and ventilation systems, contributing to 
both energy conservation and reduced reliance on conventional power sources. This integration of 
hydrogen fuel cells exemplifies a forward-thinking approach to sustainable design, positioning the Pearl 
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River Tower as a leader in environmentally adaptive building solutions [167, 103]. Figure 15 shows 
and example of the Pearl River Tower in Guangzhou, China [168, 103]. 
 

 
Figure 15.  
The Pearl River Tower in Guangzhou, China [168, 103]. 

 

 
Figure 16. 
Henning Larsen’s dynamic façade [103, 170]. 

 
4.8. Henning Larsen’s University Building 

The Henning Larsen’s University Building/SDU Campus Kolding in the University of Southern 
Denmark exemplifies the innovative use of dynamic facade design, incorporating adaptable patterns that 
respond to changing environmental conditions [169, 15]. These kinetic patterns are achieved through 
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carefully engineered facade elements, such as movable panels and light-filtering materials, which adjust 
based on sunlight exposure and temperature variations [169]. This dynamic approach not only 
enhances energy efficiency by optimizing solar shading and natural lighting but also enriches the 
aesthetic appeal of the building, creating a visually engaging facade that evolves throughout the day. 
Moreover, the adaptability of the facade reduces reliance on artificial lighting and HVAC systems, 
promoting a more sustainable indoor environment and enhancing occupant comfort by moderating 
interior temperatures and glare. The example of Henning Larsen’s work illustrates how dynamic 
facades can balance functional benefits with striking architectural design, facilitating for more 
responsive and energy-efficient buildings in the future. Figure 16 shows a Henning Larsen’s dynamic 
facade. The photo is taken by Hufton & Crow [103, 170]. 
 
4.9. The Al Bahr Towers 

The design of Al Bahr Towers in United Arab Emirates (UAE) draws inspiration from traditional 
Islamic architecture, specifically the mashrabiya, a wooden lattice screen used historically to provide 
privacy while controlling light and ventilation [171]. The Al Bahr Towers are renowned for their 
innovative design, which blends modern technology with traditional architectural principles. One of the 
most striking features of the towers is their dynamic facade, inspired by the mashrabiya. The towers 
feature a unique honeycomb-like structure with an automated solar shading system, intended to enhance 
environmental performance. This adaptive facade is designed to respond dynamically to the harsh 
climate of Abu Dhabi in UAE by reducing solar gain and glare while allowing natural light into the 
interior. The kinetic shading devices are integrated into the towers’ glass curtain wall, serving as a 
contemporary reinterpretation of traditional elements, merging aesthetic appeal with functional energy 
efficiency. The facade of Al Bahr Towers incorporates advanced automation technologies to adapt to 
changing environmental conditions. The dynamic shading system is controlled by a centralized BMS 
that uses sun-tracking software to adjust the shading devices in real-time according to the sun’s 
position. The shading elements consist of triangular units that can open and close throughout the day, 
responding to various factors such as sunlight intensity, cloud cover, and wind speed. This automated 
response mechanism ensures optimal solar control, reducing the need for artificial cooling while 
enhancing occupant comfort. Additionally, sensors integrated into the facade provide continuous 
feedback to the control system, allowing it to override automatic settings during adverse weather 
conditions. 

This adaptive shading system responds to the movement of the sun, opening and closing to control 
the amount of light and heat entering the building. By adjusting throughout the day, it significantly 
reduces solar gain, thus enhancing energy efficiency and reducing the need for air conditioning. This 
blend of cultural heritage and cutting-edge technology showcases how traditional design elements can 
be reimagined for modern sustainability [172]. Al Bahr Towers in Abu Dhabi is a 150-meter-height 
double tower featuring a beehive-inspired structure and a dynamic, automated solar screen that 
responds to the movement of the sun [15]. These solar screens respond dynamically and automatically 
to the angle of the sun, improving control of energy consumption, solar radiation, and glare while being 
able to allow natural light into the building. The building consists of two circular towers 150 meters 
high clad with a curtain wall covered with a kinetic shading system. The tower floor is open-plan office 
space with a service center. Furthermore, this design is expected to reduce the solar radiation entering 
the building by 20%, so that the CO2 emissions could be reduced by 40% [103]. In addition it can 
achieve a gain in solar heat by 50% [100]. 

The dynamic shading system is a screen made up of triangular modules like origami umbrellas. The 
triangular units act as individual shading devices that unfold at different angles in response to the 
movement of the sun in order to block direct solar radiation [172].  The design idea of the building 
combines the design idea of the shading system of flowers that open and close in response to weather 
changes, and the idea of hexagonal shapes of Mashrabiyas in Islamic architecture. Noting that 
Mashrabiyas is an architectural feature commonly found in traditional Islamic architecture and beyond. 
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This element consists of a projecting oriel window, typically situated on the upper floors of a building 
and enclosed with intricately carved wooden latticework. At times, it is further adorned with stained 
glass for added visual appeal. Figure 17 shows a set of fully open shading devices photo courtesy taken 
by Terry Boake [172]. The building consists of two facades, the outer facade is two meters away from 
the inner facade - which consists of a glass wall. The external facade consists of (2000) umbrella-like 
units (1000 units per tower) that respond to direct rays automatically, as this system is considered a 
50% heat saving and reduces energy consumption in the building. In particular, these intricate 
latticework windows provide shade and promote airflow, reducing the need for artificial cooling by 
allowing natural ventilation while blocking direct sunlight.  

The structure of the Mashrabiya helps in maintaining a cooler indoor temperature, especially in hot 
climates, effectively lowering energy consumption by minimizing the reliance on mechanical cooling 
systems. In addition, the design of Mashrabiya preserves privacy without obstructing views, enhancing 
both comfort and functionality in buildings. 
 

 
Figure 17. 
A set of fully open shading devices [172]. 
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Figure 18. 
One Ocean Pavilion in South Korea [175]. 

 
4.10. One Ocean Pavilion 

The One Ocean Pavilion, located in Yeosu, South Korea, is a striking example of sustainable 
architectural design. This architectural is designed as a part of Expo 2012, which focused on the theme 
”The Living Ocean and Coast”. This design embodies principles of environmental awareness and 
technological innovation [173]. One of the key features of the One Ocean Pavilion is its dynamic facade, 
which adapts to environmental conditions to optimize energy efficiency and occupant comfort [151]. In 
particular, pavilion design utilizes advanced materials and shading systems to reduce heat gain while 
allowing natural light to permeate interior spaces. This approach minimizes reliance on artificial 
lighting and cooling systems, contributing to a lower overall energy footprint [174]. Moreover, the 
structure of Pavilion is equipped with renewable energy technologies, including solar panels and 
systems for harnessing ocean energy. Such design not only generates power for the building’s 
operations but also showcases the potential of clean energy solutions in modern construction.  

The One Ocean Pavilion exemplifies how architecture can align with sustainability goals, offering a 
forward-thinking model for buildings in coastal and marine environments. By combining cutting-edge 
technology with a commitment to ecological preservation, it stands as a testament to innovative and 
responsible design. Figure 18 shows picture of One Ocean Pavilion in South Korea [175]. 
 

5. Advancements in Adaptive Facades 
The Modern designs hold the potential to revolutionize the future of sustainable and intelligent 

architecture by introducing advanced levels of responsiveness and efficiency into built environments. 
Unlike conventional approaches, which rely on static materials and predictable responses, modern 
designs enable buildings to dynamically interact with their surroundings through innovative, adaptive 
materials. These materials can adjust to variations in light, temperature, and other environmental 
factors, allowing for real-time adjustments that minimize energy consumption and enhance occupant 
comfort. Such adaptability not only reduces reliance on artificial heating, cooling, and lighting systems 
but also aligns seamlessly with the goals of smart, self-regulating building systems. 
 
5.1. Improving Efficiency in Literature Searches 

As architectural design moves towards intelligent systems that integrate seamlessly with 
environmental conditions, advancements in materials solutions offer a pathway to achieve high-
performance buildings that are both ecologically responsible and technologically advanced. This 
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transformative approach redefines sustainable architecture, establishing a new paradigm where 
buildings actively contribute to environmental conservation while delivering optimized, user-centered 
experiences. 

Recent advancements in materials are paving the way for innovative applications in adaptive 
architecture, promising to elevate both efficiency and responsiveness in building design [176]. 
Materials such as nanomaterials, smart glass, and responsive polymers, represent a new frontier in 
sustainable architectural design [177, 178, 179, 180]. Nanomaterials, for instance, possess unique 
properties at the nanoscale, allowing them to interact with energy and light in ways that conventional 
materials cannot [181]. Their high surface area and customizable structures make them ideal for 
capturing, storing, and even directing energy in ways that can be tailored to specific environmental 
needs. In building applications, nanomaterials can help regulate temperature and improve insulation, 
and thus, improving energy efficiency [182]. 

Materials can directly manipulate the energy flow without the need for mechanical parts, reducing 
energy loss and maintenance requirements [183]. Quantum materials can operate on a molecular level, 
hence adjusting to changes in the environment with greater speed and precision. Materials are essential 
in improving the efficiency of photovoltaic cells, which will result in more sustainable energy sources 
[55]. Advanced materials also include topological insulators, superconductors, and quantum dots, 
exhibit unique properties that enable them to manipulate energy and information at a level far beyond 
conventional materials [184]. Materials with variable transparency use quantum dot technology, which 
allows precise control over light transmission [185, 186]. These materials can dynamically adjust their 
transparency in response to external stimuli like sunlight, optimizing natural lighting while reducing 
energy consumption in buildings. Quantum dots, known for their tunable optical properties, have found 
applications in adaptive glazing technologies, allowing facades to dynamically adjust transparency levels 
in response to sunlight, thus optimizing natural lighting and reducing cooling demands. Quantum dots 
within the facade can selectively filter and manage different wavelengths of light, allowing optimal 
natural light penetration while blocking infrared radiation that causes heat gain [187]. This selective 
control improves thermal comfort and reduces the energy required for cooling. These advancements 
make it feasible to design facades and interior materials that respond actively to environmental 
conditions, enabling buildings to self-regulate and maintain optimal energy states. As research 
progresses, the integration of advanced materials into architecture may yield structures that not only 
adapt intelligently to their surroundings but also contribute to reducing the environ mental footprint of 
urban spaces, signaling a major breakthrough in sustainable architectural practices. 

Furthermore, the facades can achieve higher efficiency in converting solar energy into electricity 
compared to traditional systems [188]. This means more energy can be harvested even in low-light 
conditions, further reducing the building’s reliance on non-renewable energy sources. Furthermore, 
with an enhanced energy efficiency, adaptive facades contribute to lower CO2 emissions [189]. By 
reducing the demand for external energy and minimizing the usage of fossil fuels, these systems help 
decrease the overall carbon footprint of the building throughout its lifecycle. For instance, quantum dot 
luminescent solar concentrators (QDL-SCs) can be incorporated into building glazing, offering semi-
transparent photovoltaic solutions that generate energy while admitting natural light and enabling 
visible light communication for smart connectivity [190]. The applications of smart glazing techniques 
optimize indoor conditions while minimizing energy use [191, 5]. Similarly, integrating photovoltaic 
cells into architectural elements like roofs and facades supports efficient energy generation, reducing 
dependency on external sources and addressing energy demands in public buildings [192]. 
Additionally, multiscale design principles optimize energy generation, water regeneration, and waste 
processing within buildings, enabling self-sufficiency and reducing environmental impact [193]. 

Smart material-driven adaptive facades represent an innovative approach to sustainable design, 
functioning with minimal or even zero operational energy input. Notable examples include systems like 
HygroSkin and Bloom, which leverage the intrinsic properties of their materials to adapt dynamically to 
environmental changes. In addition, wind-responsive designs provide another energy efficient solution 
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by utilizing natural forces to regulate building performance. These advancements showcase the 
potential of adaptive facades to contribute significantly to energy-conscious architecture [194, 148, 103, 
195]. 

Smart glass, another promising material, uses advanced technology to alter its transparency in 
response to sunlight [196]. This adaptability helps regulate natural lighting and heat within a building, 
optimizing interior comfort while reducing energy consumption [197]. By adjusting its opacity, smart 
glass can effectively manage the inflow of solar energy, reducing the need for artificial lighting and air 
conditioning. The application of smart glass can also be in windows so that enables smart window 
technologies. Advanced smart window technologies leverage materials that enable passive cooling by 
reflecting infrared radiation while permitting visible light transmission. In addition, modern smart 
window technologies offer comprehensive year-round thermal regulation by integrating both passive 
cooling and heating functions. This innovation significantly reduces dependence on fossil fuels for 
indoor climate control [198]. For example, the work in [199] highlighted the development of smart 
windows using polymer- dispersed liquid crystal films, achieving a radiative cooling efficiency of 142.69 
W/m², thereby effectively maintaining indoor thermal comfort. The incorporation of thermotropic 
materials into window designs could also offers dynamic control over solar energy transmission. 
Research demonstrated that a Thermotropic Parallel Slat Transparent Insulation Material (TT PS-
TIM) system significantly reduced solar heat gain—by more than 30% during summer and 20% in 
winter—when compared to traditional systems [200]. 

Responsive polymers are also transforming building design by reacting to changes in their 
environment, such as temperature, moisture, or light [201]. These polymers can expand, contract, or 
change properties, making them ideal for dynamic facades that respond to environmental shifts. 
Furthermore, the exploration of novel materials and cutting-edge technologies is central to maximizing 
the effectiveness of quantum potential energy in adaptive facades, promising transformative possibilities 
in sustainable building design. Materials such as graphene, perovskites, and phase change materials are 
at the forefront of this innovation due to their unique properties that align well with quantum energy 
applications [202, 203, 204, 205, 206]. Graphene, celebrated for its remarkable conductivity and 
strength at the atomic level, could enable facades to harness and regulate energy flows efficiently, 
adapting in real time to environmental changes [207, 208]. Shape memory polymers (SMP) are 
innovative materials capable of altering their shape in response to temperature changes, making them 
ideal for thermally adaptive facades. By using SMP actuators, facades can dynamically adjust shading 
based on solar radiation and air temperature, effectively reducing heat gain and enhancing indoor 
comfort [209]. Similarly, Vacuum-Photovoltaic- Thermoelectric (VPT) glazing integrates thermal 
insulation, energy generation, and climate control to optimize heat transfer year-round. This technology 
has been shown to lower air-conditioning energy consumption by approximately 55%, demonstrating 
its potential for energy-efficient building applications. 

The work in [210] discussed adaptive facade materials that utilize solid-solid phase change 
materials (SS-PCM) with variable transparency, specifically focusing on enhancing energy efficiency in 
building enclosures through passive thermal control. To this end, two innovative facade systems are 
examined. Reflective properties in quantum-inspired materials can be achieved through thin-film 
coatings and nanostructured surfaces that manipulate light on the quantum scale [211, 212, 213, 214, 
215]. These coatings can adjust reflectivity based on ambient conditions, helping manage heat and glare 
by reflecting or absorbing specific wavelengths of light. Such adaptive properties are essential in 
creating energy-efficient facades that respond to changing light conditions throughout the day. The 
work in [5] discussed several types of coating techniques that are used in the manufacturing of 
functional coatings. These types include spray coating, dip coating, spin coating, and roll-to-roll 
processing. 

Certain materials possess the ability to detect and respond to environmental changes. Structural 
adaptability emerges from quantum-inspired materials like shape memory alloys and responsive 
polymers [79, 80, 81]. For example, shape memory alloys can alter their form in response to 
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temperature shifts, enabling kinetic facade systems that operate without requiring external energy 
inputs [216]. These materials exhibit flexibility and can change their form or rigidity in response to 
temperature, pressure, or electrical stimuli. This adaptability is invaluable in creating facades that can 
modify their shape or structural properties, enhancing both functionality and resilience to external 
conditions. Together, these technologies embody the integration of quantum mechanics in material 
science, supporting the development of intelligent, sustainable architectural designs. 

Adaptive facades incorporate biomimicry by emulating natural thermoregulation mechanisms, such 
as the insulating and cooling properties observed in animal fur and skin [217, 218]. Specifically, 
drawing inspiration from nature, architects can design facades that emulate adaptive features found in 
organisms, such as the textured and morphologically optimized skin of elephants, which enhances 
cooling efficiency [219]. Smart materials establish a responsive interface between buildings and their 
surroundings, efficiently regulating temperature and managing solar radiation [179]. By incorporating 
materials that passively adapt to external conditions, buildings can achieve substantial energy savings 
while enhancing indoor environmental quality [220]. 
 
5.2. Energy Efficiency and Sustainability Benefits with Building Facades 

Quantum energy systems represent an emerging technology with the potential to transform the 
way building facades manage and optimize energy [221]. By integrating quantum properties into facade 
design, these systems can significantly reduce energy consumption and minimize the carbon footprint of 
buildings [222, 223]. When applied to building facades, these systems can enhance energy absorption, 
distribution, and utilization. One key approach involves using quantum dots or nanomaterials that can 
convert sunlight into usable energy more efficiently than traditional solar panels. These materials can 
be embedded in the facade, enabling it to act as a semi-transparent solar collector that not only reduces 
the building’s dependency on external energy sources but also decreases heat gain, thereby lowering 
cooling demands. 

Traditional energy-efficient facades primarily aim to enhance thermal resistance, thereby 
minimizing conductive heat transfer between indoor and outdoor environments. Recently, there has 
been growing interest in optimizing heat transfer via electromagnetic radiation by regulating the solar 
irradiation properties of facades [224, 225] and their thermal emission characteristics [226, 227]. In 
comparison to traditional adaptive systems, which may rely on mechanical adjustments (like shades or 
louvers) to control light and temperature, quantum adaptive facades offer several advantages, such as 
higher efficiency, enhanced light control, improved solar energy conversion, and reduction of carbon 
foot- print. 

Implementing quantum based adaptive facades has the potential to significantly reduce energy 
consumption and a building’s environmental impact [15]. This integration could significantly reduce 
dependence on HVAC and artificial lighting systems by efficiently managing solar gain, ventilation, and 
natural daylight. Through dynamic adjustments to external conditions, these facades optimize energy 
performance within the building, contributing to a more sustainable and comfortable indoor 
environment. By harnessing passive solar heat, maximizing natural ventilation, and enhancing daylight 
distribution, adaptive facades help lower energy consumption and operational costs while supporting 
occupant comfort and wellbeing [110]. 
 
5.3. Impact of Adaptive Facades on Building Comfort and Usability 

Adaptive facades hold transformative potential for enhancing building comfort and usability by 
allowing structures to engage with energy flows at a microscopic level. By incorporating materials and 
technologies, buildings can better regulate temperature, light, and overall indoor conditions, adapting to 
environmental shifts in real time. This heightened level of adaptability creates spaces that automatically 
respond to the occupants’ needs, resulting in a more comfortable, consistent interior climate with 
minimized energy input. For instance, advanced materials in walls or windows might interact with heat 
and light at a molecular level, reducing the need for artificial heating and cooling. This capability not 
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only fosters a more sustainable use of resources but also elevates the overall usability of the space, as 
occupants experience stable and comfortable surroundings tailored to natural changes in the 
environment. 

Incorporating quantum energy systems within buildings has the potential to significantly improve 
occupant comfort, lighting, temperature control, and usability. Inspired by the behavior of the Gazania 
flower, kinetic facades adjust to sunlight, achieving optimal daylight penetration of 87.5% to 100% while 
preventing issues like glare and overheating [228]. By leveraging parametric modeling, these systems 
enhance daylight performance, making them a key innovation in sustainable architecture. Smart glass 
can dynamically regulate light transmittance, ranging from 4% to 80%, effectively managing solar gain 
and reducing indoor overheating [229]. When paired with intelligent lighting systems, it maintains 
ideal illumination levels, significantly improving energy efficiency. Fluidic pigment modulation in 
adaptive facades enables precise shading adjustments, cutting energy costs by more than 30% compared 
to conventional methods [230]. This technology facilitates localized responses to solar variations, 
enhancing indoor comfort. Reinforcement learning can automate electrochromic glass control, achieving 
a 97% success rate in avoiding glare while optimizing daylight usage [231]. This innovation minimizes 
reliance on artificial lighting, ensuring greater visual comfort and energy savings. 

Quantum energy applications support renewable energy utilization, such as solar panels and wind 
turbines, essential for lowering greenhouse gas emissions [232, 233]. Advanced materials like bio-
concrete and self-healing composites further enhance sustainability by reducing the ecological impact of 
buildings [232]. Adaptive distributed technologies, such as solar envelopes, dynamically respond to 
environmental conditions, improving energy efficiency and occupant comfort [234, 235]. These systems 
also enable user interaction, offering personalized control over temperature and lighting to enhance 
satisfaction [235]. Smart technologies integrated into building designs enable real-time monitoring and 
efficient energy management, reducing operational costs and environmental impacts. Life cycle 
assessments confirm these approaches significantly boost building performance and sustainability 
[174]. 

 
5.4. The Economic Implications of Adaptive Facades 

Implementing adaptive facades presents distinct economic implications compared to traditional 
systems, reflecting both initial investment and long-term operational benefits. Recent research has 
shown that optimizing building facades leads to significant improvements in economic, environmental, 
and social outcomes, see. e.g. [236, 237, 6, 203, 238]. Considering quantum energy in adaptive facades 
offers significant long-term savings by reducing energy consumption and operational costs. Quantum 
adaptive facades, with their ability to dynamically adjust to environmental conditions, minimize the 
need for artificial heating, cooling, and lighting, thus lowering ongoing energy expenses. Moreover, 
quantum facades enhance building longevity and resilience by using materials that require less 
maintenance and repair, further lowering lifecycle costs. 

The incorporation of intelligent facade layers (IFL) has proven essential in various landmark 
architectural projects, benefiting both new constructions and retrofitting efforts [237, 6]. Particularly, 
the work in [237] highlighted that HVAC, lighting, appliances, and general building services 
collectively consume around 97.6% of a building’s energy, of which facade optimization alone can reduce 
up to 36%. Furthermore, utilizing advanced building envelopes integrated with phase-change materials 
(PCMs), photovoltaic systems, and thermoelectric components can further decrease overall energy 
demand by 20–50% [202]. In regions with extreme heat, maintaining indoor comfort while reducing 
energy use is a major challenge [238].  
 
5.5. Integrating of Advanced Technologies with Smart Building 

One Integrating traditional design elements with contemporary materials facilitates the creation of 
facades that are culturally significant and technologically innovative, fostering sustainability [239, 
240]. For example, the integration of quantum energy facades into smart building systems can be done 
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by using advanced AI algorithms and IoT frameworks to optimize energy management. This approach 
aligns with the current trends in architectural design, which focus on enhancing building efficiency and 
sustainability by leveraging advanced technologies. 

The implementation of IoT devices, such as sensors and smart controllers, facilitates continuous 
monitoring of environmental conditions and energy usage patterns in facades design.  

In addition, insights from IoT sensors can help regulate HVAC and lighting systems, adjusting 
them based on real-time data from the facades [232]. This reduces the load on traditional energy 
systems and promotes a more sustainable building environment. By connecting these facades to smart 
grids, buildings can participate in demand response strategies, optimizing energy use based on grid 
conditions and renewable energy availability. Ultimately, this synergy not only improves energy 
efficiency but also supports the development of sustainable, low- carbon buildings, aligning with global 
efforts to reduce greenhouse gas emissions and enhance energy independence. As such, this would 
indeed contribute [241]. The integration of artificial intelligence (AI) within architectural design is 
profoundly transforming how buildings are conceptualized, optimized, and constructed [242]. AI 
algorithms can be used to analyze the vast amounts of data generated by IoT devices to predict and 
optimize energy usage patterns. To this end, machine learning models can forecast energy demand 
based on historical data, allowing the quantum facades to adjust proactively. This predictive capability 
helps in reducing energy wastage and improves the operational efficiency of the smart building systems. 
The role of AI in design processes, particularly in conjunction with advanced technologies like Building 
Information Modeling (BIM), enhances real-time analysis and optimization, which leads to better 
decision-making and efficiency improvements [242]. 

The work in [243] presented a framework for integrating AI, BIM, and IoT to optimize energy 
management in smart, sustainable building systems. The paper discussed that by connecting IoT data 
with AI through BIM, buildings can achieve continuous, responsive adaptation of energy consumption 
patterns. BIM models could simulate facade performance under various conditions, allowing AI 
algorithms to analyze and predict optimal energy usage strategies. Besides, the use of IoT sensors that 
are placed throughout the building feed live data back into BIM models, helping AI refine predictions 
and make real-time adjustments in response to environmental changes. AI analyzes IoT sensor data to 
anticipate maintenance needs and optimize energy usage, hence enhancing overall efficiency and 
sustainability. 

The integration of quantum energy facades with IoT and smart building technologies offers a 
dynamic approach to optimizing energy management in modern constructions. Quantum energy facades 
are designed to capture solar energy efficiently, and when combined with IoT devices, they can adapt to 
real-time environmental conditions. Sensors collect data on sunlight intensity, temperature, and energy 
demand, enabling the facades to adjust their energy output dynamically. This adaptive control helps 
align energy production with immediate building needs, reducing waste and improving efficiency. 
Additionally, incorporating AI algorithms allows for predictive analysis, where the system anticipates 
changes in energy demand and adjusts the facade’s performance accordingly, hence minimizing energy 
costs and enhancing sustainability. 

The work in [244] investigated the integration of IoT and AI in sustainable building designs, 
which could be used in optimizing energy management for smart buildings. The paper discussed that 
the IoT sensors can be used to provide continuous data on environmental conditions (e.g., temperature, 
lighting), feeding this information into AI systems that optimize energy usage and adjust facades based 
on real-time demands. This dynamic control enhances building efficiency and reduces unnecessary 
energy consumption. AI systems analyze data from IoT sensors to control energy-efficient features, 
such as HVAC and lighting, by predicting needs and adjusting operations proactively. This reduces 
manual intervention, aligns with smart energy goals, and could effectively support quantum facade 
technologies that adapt to external and internal changes. IoT and AI contribute to a balanced indoor 
climate by automatically adjusting to occupancy patterns and environmental shifts. This automation 
supports energy conservation while maintaining comfort, a vital aspect of smart facades that respond to 
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building needs. 
The work in [56] discussed that AI and machine learning algorithms can be efficiently exploited in 

optimizing responsive facade systems to enhance multiple performance parameters. These parameters 
include illuminance levels, lighting energy consumption, visual discomfort from solar glare, solar heat 
gain, thermal resistance (influencing heating energy and comfort), and natural ventilation.  

The work in [242] highlighted the evolving nature of architectural design education and practice, 
where AI tools are seen as essential in streamlining work- flows, fostering creativity, and improving 
sustainability. A key focus of the paper was the shift towards using generative AI algorithms and 
machine learning to explore multiple design options rapidly, enabling architects to make data-driven 
choices that align with environmental and structural needs. By integrating AI with smart building 
technologies, designers can enhance the building’s energy efficiency and overall performance. The use of 
digital twins and IoT sensors allows for continuous data collection, providing insights into building 
behavior under various conditions. This capability supports predictive maintenance and energy 
optimization, which are critical for the development of sustainable and adaptive buildings. Ultimately, 
the paper demonstrated that incorporating AI in design education can help future architects master 
these technologies, equipping them with the skills to innovate and respond to the growing demand for 
sustainable and efficient building solutions. The study’s findings suggest that as AI technologies 
continue to advance, their integration into architecture will become increasingly vital, providing 
powerful tools for enhancing creativity, efficiency, and sustainability in the built environment. 

The work in [245] investigated the integration of IoT on smart facades and implementing the 
digital twin concept in kinetic facades to advance the field of intelligent buildings and sustainable lean 
architecture. This paper explored advancements in climate-responsive building envelopes, focusing on 
automatically adjustable kinetic facades equipped with real-time solar tracking systems, as well as 
sensors for temperature, humidity, occupancy, and air quality monitoring. Furthermore, this paper 
examined how real-time adaptability can be exploited in facade design to respond effectively to dynamic 
environmental conditions. 

The work in [56] focused on a real-time adaptive Building Integrated Photovoltaic (BIPV) shading 
system, evaluating its performance in terms of energy generation and visual comfort compared to 
conventional static BIPV systems.  
 

6. Conclusion and Future Works 
This paper discussed the adaptive facades that not only respond to environmental changes but also 

enhance energy efficiency and occupant comfort. To this end, the paper focused on understanding how 
advanced technologies can be applied in designing adaptive facades that respond dynamically to 
environmental conditions. The paper provided a framework for future innovations in smart and 
sustainable architecture. Some practical examples have been provided and explained, which underscore 
the potential of adaptive facades to revolutionize building designs in terms of functionality, adaptability, 
and environmental responsibility. Several case studies have been provided to illustrate the practical 
application of adaptive facades. Furthermore, the paper discussed that the integration of IoT and AI 
technologies in facade design represents a transformative approach to creating adaptive, energy-
efficient, and sustainable buildings. IoT-enabled sensors and smart controllers facilitate continuous 
monitoring of environmental conditions, such as temperature, lighting, and occupancy, enabling facades 
to dynamically respond to real-time data. By optimizing energy output—maximizing energy harvesting 
during peak sunlight and minimizing wastage during low-demand periods—these systems significantly 
enhance overall energy efficiency while reducing carbon footprints. Moreover, AI algorithms can 
analyze vast data sets to predict and optimize energy usage patterns, allowing facades to proactively 
adjust to changing conditions. This supports advanced energy management strategies, including 
demand response through smart grid connections and automated regulation of HVAC and lighting 
systems. By reducing manual intervention and aligning operations with sustainability goals, AI enables 
smart facades to achieve a balanced indoor climate and operational efficiency. These advancements not 



835 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484 

Vol. 9, No. 1: 801-845, 2025 
DOI: 10.55214/25768484.v9i1.4251 
© 2025 by the authors; licensee Learning Gate 

 

only lower energy costs but also contribute to the global pursuit of sustainable, low-carbon building 
practices, underscoring their essential role in the future of architectural design. Therefore, taking the 
advantage of the powerful AI and machine learning algorithms could enable facades to adjust based on 
anticipated climate changes and energy demands. 

Future work in the field of architecture should focus on exploring its potential, as advancements in 
materials science and engineering continue to drive innovation. Ongoing research and future 
breakthroughs are expected to significantly enhance its capabilities and open new possibilities for 
practical applications. Future work could include further advancements in material science and quantum 
theory applications that is helpful in optimizing the performance and scalability of the architectural 
design. Future work could also explore the integration of advanced materials and adaptive mechanisms. 
This could include investigating nanomaterials with dynamic properties that respond to environ- 
mental stimuli, such as temperature and light intensity. This in terms would enhance the facade’s ability 
to modulate energy exchange in real-time. Future research could also include the application of AI to 
optimize facade adaptability, hence allowing the application of fast and efficient algorithms for energy 
modulation in large-scale architectural designs. 
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