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ABSTRACT

This article reviews smart facade movement mechanisms in buildings and presents a clear classification of
the main systems used in responsive envelope design. Smart facades are no longer treated as static building
skins; instead, they are designed to adapt to environmental conditions and improve building performance
through motion, control, and material response. The paper organizes these mechanisms into passive,
mechanical, electro-mechanical and kinetic, and sensor- and control-driven responsive systems. Each category
is discussed in terms of its working principle, typical motion type, and role in regulating sunlight, heat gain,
ventilation, daylight, and visual expression. The review also examines how these systems contribute to energy
efficiency, thermal comfort, daylight quality, and architectural aesthetics. In addition, the paper highlights
major challenges associated with smart facades, including high initial cost, maintenance demands, mechanical
reliability, and long-term durability. Real-world examples such as the Institut du Monde Arabe, Al Bahr
Towers, and The Edge show how smart facade strategies can be implemented at building scale to create
responsive and high-performance architecture. The study concludes that smart facades represent an important
intersection of architecture, engineering, and environmental control, but their broader adoption depends on
simplifying maintenance, improving reliability, and reducing lifecycle cost. Future research should focus on
long-term performance assessment, integration with building automation systems, and the development of
robust adaptive materials and control strategies. Overall, the article provides a structured review that can
support researchers, designers, and engineers in understanding and classifying movement-based smart facade
systems for sustainable building design.
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1. INTRODUCTION

Smart facades have become an important topic in contemporary building research because they allow the
envelope to respond to environmental conditions instead of remaining static [1-3]. In contrast to conventional
facades, smart facades can adapt to sunlight, heat, ventilation, and user needs through movement, control
systems, or responsive materials, which improves energy performance and indoor comfort [1]. The interest in
smart facades is closely connected to the development of low-energy and climate-responsive buildings.
Building envelopes are now expected to do more than separate inside from outside; they also participate in
daylight control, solar protection, and ventilation management, [2]. This has led to the growth of dynamic
facade systems that integrate sensors, actuators, and control logic to adjust the building skin in response to
changing conditions [4].

Movement is one of the most important characteristics of smart facades because it enables visible and
functional adaptation. Kinetic and dynamic facade elements may move by rotation, sliding, folding, opening,
closing, or other forms of controlled transformation, depending on the mechanism and control strategy [5].
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Such movement may be centrally controlled, decentralized, or based on autonomous local response, and each
strategy affects facade performance differently [2].

A review of movement mechanisms in smart facades is therefore useful for organizing this growing field.
It can help classify the main typologies of motion, explain how they operate, and show how they contribute to
environmental performance, architectural expression, and user comfort [5]. It can also identify technical
challenges such as complexity, reliability, cost, and long-term maintenance, which remain important barriers
to wider application [4]. This paper reviews the principal movement mechanisms used in smart facades and
organizes them into a clear framework for architectural analysis. The purpose is to clarify how facade motion
is generated and controlled, and how different movement systems can support building performance and
responsive design [2].

2.  DEFINITION OF SMART AND INTELLIGENT FACADES

Smart facades are building envelope systems that respond to environmental conditions and adjust their
behavior or configuration to improve performance [1]. In the literature, the terms smart facade and intelligent
facade are often used interchangeably, although some authors distinguish them based on the degree of sensing,
automation, and control involved [6]. A smart or intelligent facade is not static. It can modify properties such
as shading, transparency, ventilation, thermal resistance, or geometry in response to changes in solar radiation,
temperature, wind, occupancy, or user demand [2, 4]. This adaptation may occur through material response,
mechanical movement, or automated control systems integrated into the facade assembly [6].

In architectural research, intelligent facades are usually understood as systems that combine sensors,
actuators, and control logic to manage environmental exchange between inside and outside [1, 2]. Their main
purpose is to reduce energy demand while supporting indoor comfort, daylight quality, and ventilation
performance [4]. From a broader design perspective, smart facades can be passive or active. Passive systems
react directly to environmental stimuli without external power, while active systems depend on mechanical or
electronic actuation to produce movement or change [6]. For this reason, a smart facade is best defined not
only by its appearance, but by its ability to sense, respond, and adapt over time [5].

3. CLASSIFICATION OF FACADE MOVEMENT MECHANISMS

Facade movement mechanisms can be classified according to the way motion is generated, controlled, and
expressed in the building envelope. In the literature, a common first distinction is between passive and active
systems, where passive systems respond directly to environmental stimuli and active systems rely on
mechanical or electronic actuation [1]. This distinction is useful because it separates simple responsive
behavior from systems that require sensors, controllers, and motors [5].

A second way to classify movement mechanisms is by kinematic form, meaning the actual type of motion
produced by the facade element. Kinetic facade elements may rotate, slide, fold, tilt, expand, contract, or
transform their geometry in other controlled ways [2, 5]. These motion types are important because they
determine how the facade modulates daylight, solar gain, ventilation, and visual appearance. A third
classification concerns the control strategy. Some facades operate through direct occupant control, while others
use semi-automated or fully automated control based on environmental data and building management systems.
In autonomous systems, sensors and actuators allow the facade to adjust itself continuously or at intervals in
response to changing conditions [4].

From an engineering perspective, facade movement mechanisms can also be grouped by their energy source
and actuation principle. Some systems depend on manual movement or gravity, while others use motors,
pneumatic devices, shape-changing materials, or other actuating technologies to produce motion [1]. This
classification is important because it influences reliability, maintenance demand, and operational energy use.
For a review paper, the most practical framework is to combine these perspectives into one taxonomy: passive
versus active; manual versus automated; and rotational, translational, folding, or morphing motion [5]. Such a
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framework helps organize the diverse range of smart facade systems and makes it easier to compare their
performance and design logic.

Table 1. Classification of facade movement mechanisms

Main group Motion type Main feature Typical use
Passive Material-based response, No mechanical actuation; Self-adjusting shading,
responsive geometry-based response changes occur through variable transparency,
systems environmental stimuli such as thermal response
heat, light, or moisture
Active Rotating panels, sliding Uses motors or mechanical Solar control, daylight
mechanical panels, folding panels, devices to create visible regulation, ventilation
systems tilting louvers movement
Kinetic Rotation, translation, Facade elements change Adaptive shading, visual
systems folding, expansion, position or shape over time expression, climate
retraction response
Pneumatic Inflation and deflation Motion is created by air Soft adaptive skins,
systems pressure lightweight transformable
envelopes
Elastic / Stretching, bending, Elements change form Dynamic shading,
morphing deformation through flexible or elastic responsive skins,
systems behavior lightweight structures
Autonomous /  Sensor-based closed-loop  Facade reacts automatically to  Real-time environmental
sensor-driven control climate data, occupancy, or adaptation
systems sunlight
Manual / user- Hand-operated Movement is controlled User-controlled shading,
controlled adjustment directly by occupants or privacy, ventilation
systems operators

4. PASSIVE MOVEMENT STRATEGIES

Passive movement strategies in smart facades rely on the physical response of materials, form, or structural
arrangement rather than on powered motors and electronic control. In adaptive facade research, these systems
are often grouped as passive because they react directly to environmental changes such as heat, sunlight,
humidity, or air pressure with little or no external energy input [4]. A major passive strategy is material-driven
response, where a facade element changes state because of a stimulus. Examples include thermally responsive
materials, hygroscopic materials, and other systems that deform or shift according to environmental conditions,
allowing the envelope to adjust shading, permeability, or transparency without mechanical actuation [5].
Another passive approach is geometry-based adaptation, in which the shape, layering, or arrangement of facade
elements produces self-shading, buffering, or ventilation effects through design alone [1].

Passive strategies are often valued for their simplicity, low operational energy demand, and reduced reliance
on complex maintenance systems. Because they do not depend on sensors, motors, or control algorithms, they
can be more robust and easier to integrate into long-term building operation [4]. However, their responsiveness
is usually less precise than active systems, and their behavior is often tied more strongly to the physical
properties of materials and climate conditions than to real-time user needs [5]. In smart facade design, passive
movement strategies are especially relevant when the goal is to achieve climate adaptation with minimal
technical complexity. They can be used in shading devices, ventilated skins, layered envelopes, and morphing
materials that alter facade performance through inherent behavior rather than powered movement [1]. For this
reason, passive systems are often seen as an early or foundational category within the broader taxonomy of
smart facade movement mechanisms [4]. A well-known real-world passive example is the Eastgate Centre in
Harare, Zimbabwe (fig 1). It is not a moving kinetic facade in the mechanical sense, but it is a famous passive
building envelope example because it uses natural ventilation and thermal mass to regulate indoor conditions
with very little active cooling energy.

https://civil.cdsts.ir Page 3



6)9U8 g (ol dawg) 0)SUS (yrogw

—Ww>aima g gauiols
al ) —lgly—ac

rd Congress of Scientific and

Technological Development of
Civil Engineering Students of Iran

“un
" A\ \

-\

AT

Fig. 1. Eastgate Centre in Harare, Zimbabwe

5. MECHANICAL MOVEMENT SYSTEMS

Mechanical movement systems use physical devices to create controlled motion in facade elements. In
smart facades, these systems are usually based on rotation, sliding, transmission, or combinations of these
motions, and they are often used to regulate sunlight, ventilation, and view while also producing a dynamic
architectural expression [2, 5]. A common mechanical strategy is rotation, where panels, louvers, or screens
pivot around an axis to change their angle relative to the sun or wind. Another frequent strategy is sliding,
where elements move horizontally or vertically to open, close, or overlap parts of the facade; this is one of the
most widely used motion patterns in dynamic facade systems [2]. Mechanical systems may also combine both
actions, such as rotating-sliding assemblies, to increase flexibility and control [7].

Mechanical movement systems are usually supported by connections, hinges, rails, shafts, gears, or linkages
that transfer motion from an actuator to the facade element. This makes them highly adaptable in design, but
also more sensitive to wear, maintenance, and synchronization issues over time [5]. Because of this, mechanical
facades must be designed carefully to ensure durability, safe operation, and accurate control under wind,
thermal expansion, and repeated cycling [2].

In practice, mechanical movement systems are often preferred when the facade must perform a clear
function with predictable motion, such as shading a south-facing elevation or creating controlled openings for
ventilation. Their main advantage is that they provide visible, measurable, and repeatable movement that can
be integrated with environmental control strategies and building automation [5]. A strong real example of a
mechanical movement system is the Al Bahr Towers in Abu Dhabi (fig 2). Its facade uses mechanically
operated shading panels that open and close in response to solar conditions, so the movement is part of the

facade system itself rather than the building structure.
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6. ELECTRO-MECHANICAL AND KINETIC SYSTEMS

Electro-mechanical and kinetic facade systems combine mechanical motion with electrical control, usually
through sensors, motors, and automated feedback loops. These systems are designed to make facade elements
move in response to environmental conditions such as sunlight, glare, temperature, or occupancy, while also
improving energy performance and comfort [4].

A classic example is the Institut du Monde Arabe in Paris, where the south facade contains 240 light-
sensitive diaphragms controlled by electric motors and photoelectric sensors. The apertures open and close like
camera lenses, regulating daylight and transforming the facade into a responsive environmental device [8].
This project is one of the best-known early references for electro-mechanical facade motion because it clearly
links sensing, actuation, and environmental control. A more recent and widely cited example is the Al Bahr
Towers in Abu Dhabi. Its adaptive facade uses motorized shading units that open and close according to the
sun’s position, creating a kinetic second skin that reduces solar gain and glare [4, 9]. In this case, the facade is
not only moving mechanically; it is also operating as a climate-responsive control layer integrated into the
building’s performance strategy.

The main advantage of electro-mechanical and kinetic systems is their ability to provide precise,
programmable, and repeatable movement. They can be linked to building automation systems and
environmental sensors, which allows the facade to respond dynamically throughout the day rather than
remaining fixed [2, 4]. However, these systems also require careful design because they involve higher cost,
maintenance demand, and long-term reliability concerns compared with passive strategies [5]. A classic
example is the Institut du Monde Arabe in Paris (fig 3), whose south facade uses light-sensitive diaphragms
that mechanically open and close like camera lenses to control daylight.

7. SENSOR- AND CONTROL-DRIVEN RESPONSIVE SYSTEMS

Sensor- and control-driven responsive systems are smart facade systems that use environmental sensors
and a control unit to adjust facade behavior automatically. In these systems, sensors measure variables such as
sunlight, temperature, wind, and sometimes occupancy, while the control logic decides how the facade should
respond to maintain comfort and performance [10].

A key feature of this group is that the facade does not merely move; it also decides when and how to move
through feedback control. The sensed data is processed by a central building automation system or local
controller, which then sends commands to actuators, motors, louvers, windows, or shading devices [10]. This
creates a closed-loop system in which the facade continuously adapts to changing conditions. These systems
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are important because they can improve daylight control, reduce overheating, support natural ventilation, and
lower energy demand. In practice, they are often combined with automated windows, responsive shading, and
intelligent control algorithms to achieve a more climate-active building envelope [4, 10]. Their main weakness
is that they are more complex than passive systems and require reliable calibration, maintenance, and
integration with other building systems.

For a facade review paper, this group is usually treated as the most advanced stage of responsive envelope
design because it links sensing, decision-making, and motion in one coordinated system. It is the category
where facade movement becomes part of a broader environmental control strategy rather than a purely
mechanical feature [4]. Kiefer Technic Showroom in Bad Gleichenberg, Austria (fig 4), which has movable
facade panels that respond to environmental conditions and can be described as a sensor-driven responsive
system.

2 oS
Fig. 4. Kiefer Technic Showroom in Bad Gleichenberg, Austria

8. PERFORMANCE EVALUATION: ENERGY, DAYLIGHT, COMFORT, AESTHETICS

Smart facades are evaluated across four main performance dimensions: energy efficiency, daylight quality,
indoor comfort, and aesthetics. Research shows that adaptive and dynamic facade systems can significantly
reduce cooling loads and improve indoor environmental quality when properly designed and controlled [1]. In
terms of energy performance, smart facades can reduce cooling energy demand by regulating solar heat gain
and minimizing heat transfer through the envelope. Studies report cooling energy reductions of up to 25-30%
when adaptive shading is integrated with HVAC systems, and roller blinds can reduce annual cooling loads by
more than 60% compared to unshaded conditions [4].

For daylight performance, responsive facades help regulate daylight availability while controlling glare and
solar heat gain. Adaptive shading systems can reduce solar heat gain by around 20% and at the same time
enhance indoor visual comfort by improving daylight distribution and reducing glare [1]. Regarding comfort,
smart facades support thermal comfort and indoor air quality by managing heat gain, solar radiation, and natural
ventilation. They can also reduce overheating hours significantly, with roller blinds reported to decrease
overheating risk by nearly 89% compared to no-shading conditions [4].

In terms of aesthetics, modern smart facades are not only functional but also contribute to architectural
identity and visual appeal. They can be designed with a variety of materials, colors, and finishes, allowing
designers to maintain aesthetic quality while integrating energy-saving features [1]. However, the dynamic
appearance of some kinetic facades can also generate debate about visual permanence and cultural acceptance.

Overall, the performance of smart facades depends on the type of movement mechanism, control strategy,
and integration with building systems. Passive systems tend to be simpler and more robust, while sensor-driven
and electro-mechanical systems offer higher precision but require more maintenance [5]. A strong real example
is The Edge in Amsterdam, Netherlands. This office building uses a smart facade and advanced building
systems that integrate daylight control, thermal comfort, and energy efficiency, and it is a well-documented
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case study for performance evaluation across these four dimensions. Key performance results for The Edge
include:

9.

Energy: The building uses 70% less electricity than comparable office buildings and is energy-positive
(produces more energy than it consumes) thanks to facade solar panels and efficient systems.
Daylight: The building is designed with a large north-facing atrium that brings natural daylight deep
into the interior, and louvers on the south facade are tuned to sun angles to reduce glare while
maintaining views.

Comfort: The building uses 30,000 sensors and smart lighting connected to daylight, temperature, and
motion to maintain comfortable indoor conditions and high employee satisfaction with climate control.
Aesthetics: The facade geometry, glazing, and orientation are shaped by environmental performance,
giving the building a clear architectural identity while reinforcing its role as a sustainable workplace.

Fig. 5. The Edge in Amsterdam, Netherlands

CHALLENGES: MAINTENANCE, COST, RELIABILITY, DURABILITY

Smart facades provide clear performance benefits, but they also face several important challenges that limit

their

widespread adoption. These challenges are mainly related to maintenance, cost, reliability, and

durability[3]:

Maintenance is a major concern because smart facades often include moving parts, sensors, actuators,
and control systems that require regular inspection, calibration, and repair. Electro-mechanical systems
in particular need scheduled maintenance to prevent failures, sensor drift, and loss of performance over
time [11, 12]. Predictive maintenance and sensor recalibration can help, but they add to the operational
complexity of the building.

Cost is another significant barrier. Smart facade systems typically have 15-30% higher initial capital
costs compared to conventional facades, due to advanced materials, actuators, sensors, and control
systems. Developers and building owners must evaluate payback periods based on local climate,
energy prices, and maintenance costs. Although smart facades can reduce long-term operating costs
and increase asset value, high upfront investment can still discourage adoption, especially in cost-
sensitive markets [11, 13, 14].

Reliability is a critical issue, especially for systems that depend on sensors, automation, and continuous
control. If the control logic fails, sensors become inaccurate, or communication systems break down,
the facade may not perform as intended or may even remain stuck in a single position. This risk is
higher in complex electro-mechanical and sensor-driven systems than in simpler passive solutions [5,
15].
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— Durability is also a key challenge, especially for kinetic or moving parts exposed to weather, wind,
thermal expansion, and UV radiation. Over time, mechanical components can wear out, sealants can
degrade, and materials can lose their optical or thermal properties. These issues can reduce the facade’s
performance and increase repair costs unless the system is designed with high-quality, durable
materials and protected components [4, 11, 16].

To address these challenges, designers and engineers must carefully balance performance benefits with
lifecycle costs, maintenance requirements, and long-term reliability. Simpler systems with robust design and
open standards may be more practical for many projects, while advanced sensor-driven systems are better
suited for high-performance buildings where operational budgets and technical expertise are available [11, 17].

10. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

This paper reviewed the main types of smart facade movement mechanisms in buildings and organized
them into a clear classification framework. The mechanisms were grouped into passive, mechanical, electro-
mechanical and kinetic, and sensor- and control-driven responsive systems, each with distinct motion patterns,
control strategies, and performance characteristics. Passive systems provide simple, low-energy adaptation,
while active and sensor-driven systems offer higher precision and automation but require more complex design
and maintenance [1, 4].

The review showed that smart facades can significantly improve energy performance, daylight quality,
indoor comfort, and architectural aesthetics, but they also face important challenges in maintenance, cost,
reliability, and durability. Electro-mechanical and sensor-driven systems, in particular, are sensitive to
mechanical wear, sensor drift, and control failures, which can reduce their long-term effectiveness [4].

Future research should focus on several key areas. First, more studies are needed on long-term performance
and lifecycle evaluation of smart facades, including real-world data on energy use, maintenance costs, and
system reliability over time. Second, there is a need for better standardization of control interfaces and open
protocols to improve interoperability between facade systems and building automation. Third, research on
simpler, more robust, and lower-cost adaptive systems could make smart facades more accessible for a wider
range of building types and climates.

Finally, further work is needed on integrating smart facades with renewable energy systems, such as
photovoltaic facades, and on developing adaptive materials and bio-inspired mechanisms that can move or
change properties with minimal energy input. Together, these directions can help advance smart facades from
high-performance prototypes to reliable, scalable, and cost-effective solutions for sustainable building design.
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